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ABSTRACT

Water transport has been widely studied in a variety of cells and isolated
membranes. However, the intrinsic complexity related with the study of
intracellular processes has delayed the development of an analytical technique
for the study of water transport in subcellular compartments of living cells. This
study represents the development and application of a ratiometric fluorescent
probe to study water transport in endocytic organelles of intact living cells. The
probe is based on the use of a D2O-sensitive fluorophore, Lucifer yellow dextran
(LY-dex), together with a D2O-insensitive fluorophore, Alexa fluor 546 dextran
(AF546-dex), used as an internal reference. To ensure localization of the dyes
into the organelles via pinocytocis and avoid leaking, both dyes are coupled to a
high molecular weight (10.000 MW) aminodextran
In the first part of the thesis, demonstration of the efficacy of the probe to
measure water transport in living cells is shown. In the second part, the probe is
used for quantification of water exchange in lysosomes. Finally, the probe is
employed to follow kinetics of water exchange in macropinosomes and
lysosomes.
It was demonstrated that the probe responds linearly to changes in D2O
concentration (% v/v). In in vitro experiments the probe ratios changed about
0.40 units between 0% v/v and 90% v/v D2O, while in ex vivo experiments the
probe ratio changes about 0.20 units over the same concentration range. To

ii

probe its applicability in water transport measurements in living cells, studies of
superfusion were conducted replacing the RB (prepared in H2O) around
individual cells by Ringer’s Buffer containing D2O. Rapid imaging of the
organelles during perfusion experiments allowed the determination of kinetics of
water exchange across the membranes of lysosomes in CHO cells.
The probe was also used in the quantification of water exchange in
J774.A1 lysosomes. It was observed that J774.A1 lysosomes exchange 66 ± 1 %
of their water content under equilibrium but when the organelles were
permeabilized, using 20 µg/ml digitonin solutions in 90% D2O to increase
exchange of water across the lysosomes. Hence, lysosomes exchange the
remaining water content.
Taking advantage of the fact that organelles loaded with the fluorescent
probe show significant increases in LY-dex fluorescence intensity as D2O from
the extracellular solution is exchanged across the organellar membrane, the
probe was used to follow the kinetics of water exchange across the membranes
of lysosomes and macropinosomes in J774.A1 cells.
It was found that lysosomal water permeability is pH dependent; changing
from (6.8 ± 0.2) x 10-3 cm/s (mean ± s.e.m. n=62 lysosomes) to (9.4 ± 0.5) x 10-4
(mean ± s.e.m. n=22 lysosomes) following treatment with NH4Cl and (1.3 ± 0.4) x
10-4 (mean ± s.e.m. n=4 lysosomes) after treatment with Bafilomycin A1. It was
also observed that macropinosome membrane permeability increases from (1.2 ±

iii

0.6) x 10-3 cm/s (3 min after formation mean ± s.e.m. n=15 pinosomes) to (5.2 ±
0.6) x 10-3 cm/s (after 25 min of formation mean ± s.e.m. n=15 pinosomes).
Collectively these findings demonstrate the ability of the developed
methods for quantification and determination of the kinetics of water exchange in
subcellular organelles in living cells. This is the first time that kinetics of water
and quantification of water has been measured in organelles under physiological
conditions.
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CHAPTER ONE

INTRODUCTION

1.1 WATER CONTENT IN CELLS
Water is the most abundant compound in cells and organisms; living cells
contain 60- 95% of water depending on the type of cells, and the metabolic state;
vegetative cells like Bacillus cereus, B. cereus var. mycoides and B. megaterium
contain 72.5– 77.5% of water meanwhile Bacillus cereus spores, B. cereus var.
mycoides spores and B. megaterium spores contain 26 ± 3 %, 21 ± 3%, 14.5 ±
0.5% of water respectively.1 Additionally, water content is related to health, tumor
tissues display higher water content than the normal tissues which they have
been derived. For example malignant rat liver cells have 5% more water content
than normal ones.

2, 3

Furthermore, cells serving the same physiological function

have similar water content even among different kinds of living species. In
contrast, cells playing different roles tend to have different water content even in
the same species. 4 Table 1.1 shows the similarity in water content for Red Blood
cells in different animals while Table 1.2 shows the differences in water content
for different kind of cells in North American Leopard frogs4.

1

Table 1.1. Water content in Red Blood Cells from different animals

Specie

Water content (%)

A
Man

(65.0 - 66.0)

i

65 ± 10 5

Rabbit

74 ± 16

Ox

(60 – 71)4

Sheep

(61 - 71) 4

Pig

63.04

Horse

61.04

Dog

67 ± 17

Cat

62.04

Goat

61.04

4

Table 1.2. Water content in different kinds of cells of North American leopard frogs .

Type of cells

Water content (%)

A
Egg

50 ± 2

i

Heart

80 ± 1

Kidney

77 ± 1

Liver

68 ± 1

Muscle

77 ± 1

Oviduct

76 ± 1

Spleen

75 ± 1

Testis

82 ± 1

Water is the solvent in which almost all the biological reactions take place;
many ions and molecules are dissolved and cell organelles are bathed in it.

2

Therefore, cellular structure and function need to be adapted to the physical and
chemical properties of water. The distinctive hydration properties of biological
macromolecules (particularly proteins and nucleic acids) significantly determine
their three-dimensional structures (i.e. protein folding), and hence their functions,
in the cells. Water gives conformational flexibility to proteins facilitating their
biological activity, and hydrogen bonds help to maintain the protein folding state,
which is crucial to protein function. In nucleic acids, hydrating water aids to the
stability of the double helix through the replication process, in both annealing and
unwinding. Furthermore, changes in DNA hydration may lead to molecular
denaturation. 8

1.2 WATER FLUX IN CELLS
As water content is important in cells, its ability to flow in and out of
organelles and cells is also important for life functions. Live cells must absorb
water (and substances dissolved therein), as well as remove it together with the
waste products of metabolism. For instance, kidney cells need to exchange large
volumes of water through the plasma membrane in order to regulate urine
concentration in the kidneys and to sustain these organs job as body filters.

9

Macrophages, dendritic cells and neutrophils internalize or excrete large
quantities of liquids (twice their volume every two hours) not only through the
plasma membrane, but also by invagination of this membrane, leading to the
formation of intracellular vesicles called pinosomes (or macropinosomes).

3

10

Thus, cells have developed a diversity of biophysical mechanisms to exchange
water with their surroundings. But, as far as passage of water across biological
membranes is concerned, it has been argued that there are two permeation
pathways: simple diffusion through the lipid bilayer and channel mediated water
transport. 11-14
Diffusion of water occurs through the plasma membrane of all cells but the
magnitude of this process is usually small compared to channel-mediated water
transport .11, 15, 16 Such water channels or pores have been postulated because
water can only slowly permeate the lipid bilayer by diffusion,

17

therefore the

concept of water diffusion through the lipid bilayer alone cannot explain the large
osmotically driven water flow observed across some membranes such as the
mammalian red cell membrane and epithelial cells.

14, 18

Discrimination of the

diffusional water mechanism from the channel mediated mechanism has been
done using sulfhydryl-binding mercurial compounds like p-chloromercuribenzoate
(PCMB), and p-chloromercuribenzene sulfonate (PCMS) which inhibit water
channels.

19-21

These compounds can reduce osmotic water permeability by

90%, leaving the lipid bilayer as the only route for water permeation.
Water channels or aquaporins (AQP) are integral membrane proteins
from a large family of major intrinsic proteins that form pores in the membrane of
biological cells, the first AQP, originally known as CHIP (channel-forming integral
membrane protein), was reported in 1993 by Peter Agre, who was awarded with
the 2003 Nobel Prize in Chemistry for this discovery.

4

14

AQPs are made of six

transmembrane alpha helices arranged in a right handed b
bundle,
undle, with the amino
and the carboxyl termini located on the cytoplasmic surface of the membrane,
forming tetramers in the cell membrane. Figure 1.1 shows the general topology
of AQPs.

Figure 1.1
Schematic representation of the common 2D aquaporin structure. The
aquaporins have two tandem repeats of three membrane spanning a helices. The pores in the
plasma membrane are formed by two connecting loop, each one containing an Asn-Pro-Ala
Asn
14
(NPA) motif. Adapted from Agre and et al.

Several biophysical parameters are used to characterize water transport
across membranes and to gain insight about the molecular pathway for water
passing through membranes. Two of these parameters are the osmotic water
permeability coefficient (Pf) and diffusional water permeability coefficient (Pd),

5

both given in cm/s units. Pf is defined as the net flow of volume across a
membrane under an osmotic gradient and is described by equation (1.1)

Pf =

Jv



( P1 − P2 ) 
σ
+
∑
∏
−
∏
(
)
2
1
i
i
i
 SVw 

RT 




(1.1)

Where Jv is volume flow (cm3/s), S is membrane surface area (cm2), Vw is
the partial molar volume of water (18 cm3/mol), P is the hydrostatic pressure
(atm), σi is the reflection coefficient of the ith solute, Πi is the osmolarity of the ith
component (mosM), R is the universal gas constant, and T is absolute
temperature (K). After characterization studies of different biological membranes
such as vesicles formed from the cytoplasm or isolated organelles or liposomes,
it has been established by Verkman et al. that, for a single membrane, Pf values
higher than 0.01 cm/s (at 25-37˚C) suggest water flux through a channel
mediated mechanism. 22
Alternatively, the diffusional water permeability coefficient (Pd) gives
information about the rate of water movement across a membrane in the
absence of an osmotic gradient; Pd in a membrane is described by equation (1.2)

(

Pd = J H2O  H 2O∗  −  H 2O∗ 
1
2

)

(1.2)

Where JH2O is the diffusive water flow and [H2O*] is the concentration of
“labeled” water (deuterated or tritiated). (1) Inside or (2) outside of the cell. 23

6

In this work, we have measured permeability values that describe the rate
of water transport from the extracellular environment to the lysosomal lumen and
this include all the variables implied in the flow from outside of the cell to the
cytoplasm plus the travel from the cytosol into the lysosomal lumen. We call this
parameter “Po”, “o” stands for “operational” or “observed”.
Other parameter used to characterize water transport across a membrane
is Arrhenius activation energy (Ea, kcal/mol), which is defined by equation (1.3)
ln Pf =

A + Ea

RT

(1.3)

where R is the gas constant, T the absolute temperature, and A is an entropic
term. Ea provides information about the energy barrier to water movement
through a membrane. Diffusional water transport is strongly affected by the
organization of the lipid molecules in the membrane and is characterized by Ea
values in the range 8-10 kcal/mol, indicating that water movement increases as
the temperature increases, allowing for higher lipid mobility. Unlike diffusional
water movement, channel mediated transport is characterized by relatively low Ea
values (3-6 kcal/mol). 23
As mentioned, when water transport across biological membranes is in
discussion, this process occurs through two well known mechanisms: diffusion or
water channel transport, but biological membranes contain a huge diversity of
proteins forming pores or channel participating in the transport of material like
gases, ions, and small solutes that in theory could contribute to water transport
7

across the membranes. Previous studies postulated that, in addition to diffusion
and water channels, water transport across the vacuolar membrane in
Dictyostelium could be assisted by H+-ATPase, 24, 25

1.2.1. H+-ATPase
The

H+-ATPase

or

proton-ATPase

translocates

protons

across

membranes against their electrochemical potential through ATP hydrolysis. The
proton-ATPase is responsible for acidification of phagosomes, lysosomes, early
endosomes, the trans-Golgi-network, dense core secretory granules and
vacuoles in plants and some microorganisms.

26, 27

Acidification plays an

important role in proper membrane trafficking; manipulation of the pH in the
lumen of endocytic organelles to higher values by H+-ATPase inhibitors results in
defects in the protein sorting and transport of material.

28

In higher organisms

proton-ATPase is localized in the plasma membrane of specialized cells where it
serves to secrete protons to the extracellular space. The proton translocation
creates an electrochemical potential that can be used for secondary active
transport of ions, for instance Na+ or K+.28 H+-ATPase consists of a membrane
extrinsic V1 sector and a transmembrane V0 sector which function as a proton
rotary nano-motor.
The V1 sector contains the catalytic domains responsible for ATP
hydrolysois and is made up of eight subunits with defined stoichiometry
(A3B3CDEFG2H1-2); the Vo sector constitutes the proton channel and contains six

8

different subunits (ac4c’c’’de).26 An illustration of the proton ATPase configuration
is shown in Figure 1.2. The catalytic hexamer A3B3 is connected to the proton
pathway by a stalk formed by subunits D and F. The central stack is attached to
a ring of hydrophobic subunits (c, c’, c’’). Additionally there are two peripherial
stacks, attached to the hexamer A3B3, formed by a, C, E, G and H and they work
as a “stator”. Thus, ATP hydrolysis and proton pumping are coupled by a rotary
mechanism of the nano-machine. 29

B
A
B

A
A

B

ATP
ADP + Pi

V1

C EG
H
d FD
a

V0

c

H+
Figure 1.2. Proton-ATPase structural model. The proton-ATPase is composed of a peripheral
V1 domain responsible for ATP hydrolysis and an integral V0 domain responsible for proton
translocation. Adapted from Futai and coworkers.

9

26

There is a huge controversy about the way the proton-ATPase works.
Experimental results and mathematical studies have been proposed to explain
different ways but there is not discussion that the proton pump is the most
efficient systems for generation of energy or translocation of ions in cells.

27, 28, 30,

31

The structure of proton-ATPase obtained from X-ray crystallography
reveals the presence of a centered cavity which likely is filled with water.

31, 32

These findings make possible the participation of proton pump in the transport of
water by discharging the encapsulated water from one side of the membrane to
the other. In Dictyostelium, the proton-ATPase has been localized in the
contractile vacuole complex and in the endolysosome system. In the contractile
vacuole complex, it energizes water movement from the cytosol into the vacuole.
24

Independent of the pathway used by cells for transporting water across
biomembranes, both water content in cells and water exchange through the
cellular membranes are important to maintain cellular function and vitality. Water
content may work as a messenger in the regulation of cellular function. For
example oxidative stress, nutrients, hormones, insulin and glutamine can alter
the cellular water content leading to changes in osmotic pressure that at the
same time causes swelling or shrinking of the cells. Changes in cell volume
produce alteration of the metabolism like increase in protein synthesis, glycogen
synthesis, glycogenolysis and viral replication.

10

33

Furthermore, regulation of cell

volume by restriction of water exchange across the cytoplasm membrane
controls the rate of apoptosis in cells.

3

Some diseases, like diabetes insipidus,

natural congenital cataract and brain edema have been associated with
abnormalities in water transport in kidney cells, eye lens, and neurons,
respectively.

34-40

Consequently, it is of pivotal importance more fully understand

the movement of water in living systems. Previously, water transport has been
widely studied in different kind of cells (red blood cells,41 epithelial cells,42 J774
macrophages43), tissues (kidney collecting tubules44), and organs (lungs

45

and

kidneys9) to understand the physiological role of water transport across
membranes and the mechanism(s) of the process.

1.3 METHODS USED TO MEASURE WATER TRANSPORT
Measurements of water transport across cell membranes and isolated
organelle membranes can be carried out under an osmotic gradient or in the
absence of it; in both cases, high temporal resolution and sensitivity are required.
There is a diversity of methods fulfilling these requirements. They can be
classified in (1) light scattering; (2) Fluorescence spectroscopy; (3) Nuclear
Magnetic Resonance; and (4) combination of the above

1.3.1 Light Scattering
Light scattering depends on the intensity of elastically scattered light on
cell volume. The measurement of water flux across the membrane in cells or

11

isolated organelles in suspension is performed by monitoring changes in light
scattering (an indirect parameter) caused by shrinking or swelling of the
cells/isolated organelle during rapid mixing with a hyper or hypotonic solution and
the cytoplasm. Pf is determined from the time course of the scattered light
intensity, the cell-surface to volume ratio and from an empirically determined
mathematical relation between light scattering and cell volume. Light scattering
has been used to measure water flux in several biological systems including
isolated vesicles from intestinal brush border membranes,

46

microvillus

membranes, 47 red blood cells, 48 J774 macrophages. 43
An extension of this light scattering method described uses light scattering
microscopy to measure Pf values for the plasma membrane in adherent cultured
cells; J774 macrophages, 49 cultured corneal endothelial cells, and epithelial cells
50

.
Potential problems with the use of light scattering are the complexity of

cell geometry, scattering from intracellular structures, the dependence of light
scattering on the number of the cultured cells attached to the surface, the optical
configuration, and changes in refraction index caused by the swelling or shrinking
of the cells.

23

Also it cannot be applied to organelles inside live cells or to

observe a single cell or organelle.

12

1.3.2. Fluorescence spectroscopy
Detection of fluorescence from a trapped fluorophore has the advantage
of giving relatively simple relationship between the fluorescence intensity and the
changes in dye concentration that accompany changes in the cell or the isolated
organelle volume. At high concentrations, some fluorophores undergo selfquenching, (i.e., fluorescence intensity decreases with the increase of fluorophor
(concentration). Briefly, cells or isolated organelles loaded with a high
concentration of dyes are subjected to an osmotic challenge causing cell
shrinking, increasing the concentration of the fluorescent probe entrapped inside
the cell, and decreasing fluorescence intensity. In this method, the change in cell
volume is correlated to water movement and the information about water
permeability of the biological membrane is extracted from the time course of
fluorescence intensity. Common self quenching fluorophores, such as 2',7,-bis[2-carboxyethyl]-5-[and-6]-carboxyfluorescein (BCECF) and calcein, have been
used to monitor changes in cell volume caused by water movement under an
osmotic challenge in N1-E115-neuroblastomas, Chinese Hamster Ovary cells,
epithelial cells and astrocytes.

51-54

This methodology has also been used to

characterize the water permeability of the lysosomal membrane and endocytic
vesicles after isolation and purification of organelles. 55 56
Determination of water transport in cells or organelles using fluorescence
self-quenching is complicated by the requirement of relatively high (mM), often
toxic, loading concentrations. While changes in cell or organelle volume (caused

13

by an osmotic gradient) are indicators of water transport, water movement in
cells can occur with very small changes in osmotic pressure and minimal volume
changes.

Hence,

the

use

of

entrapped

fluorophores

does

not

give

comprehensive information about water flux through the biological membranes.
Conventional strategies to measure water transport under isoosmotic
conditions utilize fluorescence spectroscopy methods, but this approach relies in
the sensitivity of impermeant fluorophores (i.e. 8-aminonaphthalene 1,3,6trisulfonic acid (ANTS) or Lucifer Yellow (LY)) to H2O/D2O composition in the
medium.

The fluorescence intensity of these fluorophores increases as the

composition of D2O increases from 0% to 100%. Using this phenomenon, cells
or isolated organelles loaded with these fluorophores are subjected to a rapid
replacement of the surrounding buffer containing H2O by a buffer containing D2O.
As D2O diffuses through the membrane, the D2O:H2O ratio changes, producing a
increase in the fluorescence from the encapsulated fluorescent probe; this
phenomenon allows for the determination of Pd from the time course of
measurements during perfusion experiments. Intact rapid fluorescence can be
used to measure and visualize water change across the membrane.

1.3.2.1 8-Aminonaphthalene 1,3,6-trisulfonic acid (ANTS)
ANTS is the most frequently used dye for the study of diffusional water
permeability in biological systems.

13, 40, 45, 57, 58

ANTS is a naphthalene derivative

containing three sulphonate groups, which work as proton donors, and one
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amine group working as a proton acceptor.
been attributed by Stryer

59

59

The D2O sensitivity of this dye has

to the conjunction of these groups in the aromatic

system, which makes possible a proton transfer reaction involving the molecule
in an excited state. The ANTS molecular structure is shown in Figure 1.3.
Although the fluorescence intensity of this dye increases 3.2-fold in D2O
solutions, the low excitation wavelength (356 nm) may cause damage in the
cellular system, and because of the small size of the dye, it leaks easily through
biological membranes. ANTS has been used in the study of water flux in organs,
45, 58

vesicles (i.e. renal brush border vesicles58, 60) and a diversity of cells.57, 61
O
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Figure 1.3. ANTS structure. The two ring system contains proton acceptor and proton donor
59

groups which has been hypothesized confers the D2O sensitivity to the compound.

The

molecule shows high fluorescence efficiency attributed to the high electronic delocalization
between the rings and the substituent groups.
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1.3.2.2 Lucifer Yellow (LY) and derivative compounds
Lucifer Yellow and its derivatives are sulphonated 4-aminonaphthalimides
differing in the substituent (R) on the imide nitrogen (see Figure 1.4). LY
compounds have found wide applications in labeling of living cells and
biomolecules in solution, and in the study gap junction intercellular cellular
connections because their small molecular weight allows them to pass from one
cell to another.

62-65

More than 4000 papers about the use of LY compounds in

biological studies have been published since 1978 when it was reported for first
time in the determination of connections between neurons.66

Figure 1.4. Lucifer Yellow general structure. LY derivatives are 4-aminonapthalimides
containing two sulphonate subtituents in the aromatic system and a substituent (R) on the imide
nitrogen which confers the desired reactivity to the molecule.

All the LY compounds contain one amine and two sulphonate groups
bounded to the naphthalimide moiety and have similar absorption maxima at
280nm and 425 nm, and emission maxima near 545 nm. The core structure of
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the LY dyes is modified through the incorporation of different R groups which are
responsible for the differences in chemical properties of the LY derivatives.
The most common LY compounds are LY CH, LY vinyl sulphone, LY
ehtylenediamine, and LY iodoacetamide, whose structures are shown in Figure
1.5.
The water-soluble LY compound, 1H-Benz(de)isoquinoline-5,8-disulfonic
acid, 6-amino-2-((hydrazinocarbonyl)amino)-2,3-dihydro-1,3-dioxo-, dipotassium
salt (Lucifer yellow CH), is a preferred tool for studying neuronal morphology,
because it contains a carbohydrazido (CH) group (see figure 1.5a) that covalently
links to aldehydes present in biomolecules. Aldehyde containing fixatives bind
the CH dye during the fixation process.
N-(2-aminoethyl)-4-amino-3,

6-disulfo-1,8-naphthalimide,

dipotassium

salt

(Lucifer Yellow ethylenediamine) has a primary aliphatic amine group (figure
1.5b) that readily couples to the carboxylic acids of proteins.
LY Iodoacetamide (Figure 1.5c) contains a thiol reactive group; its
principal application is the labeling of exposed thiols in protein solutions or in
living systems such as cellular membranes.
Although

exceptionally

stable

in

water,

4-Amino-N-(3-

[vinylsulfonyl]phenyl)naphthalimide-3,6-disulfonate dilithium salt (LY VS) (Figure
5d), a vinyl sulphone, reacts rapidly with amino and sulphydryl groups. It is used
for covalent labeling of proteins under mild conditions (pH 7-8 and room
temperature) with a high efficiency.
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Figure 1.5. Lucifer Yellow compounds. a) LY CH b) LY Iodoacetamide c) LY ethylenediamine
d) LY VS.

All LY compounds exhibit a two-fold increase in their fluorescence
intensity in D2O as compared to H2O solutions; this fact makes them a potential
probe for water flux detection in biological systems. Other qualities of LY are: a) it
can bound covalently to dextran molecules, allowing the entrapment of the dye
inside cells and organelles without leaking, b) its fluorescence intensity is
independent of pH between pH 2 and 10, and c) it shows low toxicity, allowing for
direct observation of ex vivo processes.
Even though the use of fluorescence methods are relatively simple, some
dyes have dim fluorescence and require the use of long exposure times during
the course of the experiment to get good signal to noise ratio, leading to
phototoxicity in cells and photobleaching of the dye. The background
autofluorescence resulting from ultraviolet excitation is an additional difficulty
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when fluorescence spectroscopy methods are use in ex vivo experiments; to
overcome this problem, long-wavelength excitation dyes are desireable.

1.3.3 Nuclear Magnetic Resonance (NMR)
NMR has also been used as a method to measure water exchange in the
absence of an osmotic challenge. Almost all the NMR techniques employ
suspension buffers of the relatively impermeable paramagnetic Mn2+ to increase
the relaxation time of the water protons in the extracellular environment. This
method use the principle that when water protons are under the effect of a static
magnetic field, their spins become oriented and the application of an additional
brief intense radiofrequency pulse reorients the spins. The reorientation serves
as a label of the protons that can be detected by NMR. After the application of
the pulse, the orientation of the protons decays with a characteristic relaxation
time which is measured either in the plane x-y or along the z axis. The
application of this method for determination of water exchange in cells is
described below. 41, 67, 68
When water transport is studied in a cell suspension, water protons are
present inside (compartment A) and outside of the cell (compartment B), and
water can be exchanged between these compartments, the situation is illustrated
in Figure 1.6.
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Figure 1.6. Ilustration of the NMR paramagnetic doping method used for measuring water
exchange across cell membranes. A and B are intracellular compartment and extracellular
2+

compartment, respectively. The addition of Mn

to the buffer containing the cells makes the

relaxation time of water protons in the extracellular compartment (1/Te) much shorter than the
relaxation time of the water protons in the intracellular compartment. When a NMR experiment is
performed in the system the observed relaxation time (1/To) corresponds to two processes: the
relaxation time for water protons in the intracellular compartment (1/Ti) and the water exchange
(1/Tex).

When an NMR experiment is performed to measure the relaxation time for
water protons in this system only one value is observed because the relaxation
time of the protons in both compartments are almost the same, and water
protons travel very fast from one compartment to the other, making distinction
between the two compartments impossible. To solve this problem, a solution of
the impermeable paramagnetic agent Mn2+ is added to the cell suspension,
20

therefore the proton relaxation time of the extracellular environment (Te) become
much shorter by a mechanism known as electron-proton interaction. Then the
relaxation time of the extracellular medium is much shorter than the one inside
the cell (Ti) such that Te << Ti . The measured relaxation time (To) in cells
suspended in an isotonic buffer containing Mn2+ has two components: water
diffusion exchange time (Tex) and the relaxation time of water protons in the
intracellular compartment (Tin) as described by equation (1.4). 41

1
1
1
=
+
T0 Tex Tin

(1.4)

The relaxation time for the process of water exchange through the cell
membrane (Tex) is slowest and therefore dominates the observed relaxation time
(To) and can be extracted from equation (1.4).
The membrane permeability for water diffusion, Pd, is related to 1/Tex, the
cell volume (V) and cell surface area (A) as follows:

Pd =

V 1
×
A Tex

(1.5)

Superparamagnetic dextran magnetite has been used as an alternative
doping agent because its complete inability to cross the cytoplasm membrane. 68,
69

NMR was initially used for measuring diffusional water permeability

coefficients in Red Blood Cells (RBC) but it turned in the most used technique to
measure diffusion water exchange in all kind of cells. 67, 70, 71
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In order to set the present work in the wider perspective of the importance
of water flux in cellular function and its role in the endocytic pathway, the
following background information will be presented.

1.4. THE ENDOCYTIC PATHWAY
Macrophages belong to the family of phagocytic cells; this family includes
granulocytes, macrophages, and dendritic cells which are specialized drinkers
and have the ability to internalize large volumes from the extracellular
environment. The route used by these cells for internalization of material from the
extracellular environment is the endocytic pathway which consists of two different
paths, phagocytosis and pinocytosis, Figure 1.7 shows a very simplistic
illustration of the endocytic pathway.
Phagocytosis refers to the ingestion of particles and cells. It is triggered by
surface receptors that bind to cognate molecules on the surface of the ingested
material. After the recognition event of such receptors, called Fc and complement
receptors, a signaling cascade starts activating proteins that stimulate cellular
movements, inducing cup-shaped extensions of the cell surface, generating
accumulation of actin and myosin in the membrane around the cup, and ending
in total engulfment of the particle or cell. 10, 72 Phagocytosis in lower organisms is
used primarily for the acquisition of nutrients but in professional phagocytes (i.e.
macrophages, neutrophils and monocytes) is critical for the uptake and
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degradation of infectious agents and apoptotic cells, and participates in the
immune response and inflammation
inflammation. 73

Figure 1.7.. Schematic representation of the endocytic pathw
pathway.
formed during pinocytocis.

Macropinosomes are

T
They
hey mature into late endosomes and late endosomes before

maturation and fusion with lysosomes. Phagosomes are formed from the ingestion of external
pathogens; in many respects,, phagosomal maturation mimics pinosome maturation; freshly
formed phagosomes undergo a maturation process and finally fuse to lysosomes.

Pinocytosis is the internalization of extracellular fluids. All cells have the
ability for pinocytosis. Pinosomes form spontaneously or in response
respo
to
stimulation of growth factor receptors present in the cell surface ruffles, which
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close at their distal edges and sample the extracellular fluid. Actin filaments play
an important role in pinosome formation. 10, 72
Phagosomes, pinosomes or endosomes come up from invagination of
plasma membrane, primarily during internalization events. Once formed, these
organelles undergo maturation, during which there are changes in volume,
membrane composition and decrease in pH, before they fuse with lysosomes to
degrade their luminal content. 74
Lysosomes are dynamic, membrane-bound organelles found in animal
cells; they are rich in acid hydrolases; their acidic luminal environment facilitates
the

degradation

of

invading

pathogens,

macromolecules,

and

useless

intracellular organelles, upon fusion with the endocytic vesicles. Lysosomes can
be distinguished from endosomes by the lack of manose 6-phosphate receptors;
they constitute up the 5% of the intracellular volume and can vary in size and
shape. 75 The normal lysosomal function is the responsible for turnover of cellular
proteins, down regulation of surface receptors, and repair of the plasma
membrane.76 The acid hydrolases inside the lysosomes are kept active with the
help of several proton pumping vacuolar ATPases, found on the lysosomal and
late endosomal membranes, which maintain the lumenal pH at 4.6-5.0. 77-79
From this brief view of the endocytic pathway, it is observed that
endocytocis serves as an additional way to transport water inside the cells. The
engulfed material is accompanied by large amount of water which apparently
moves across the endocytic organellar membranes into the cytosol and afterward

24

across the plasma membrane and out of the cell, as inferred by studies of solute
movement.

80

Water transport may be involved in the cell’s defenses against

invading microorganisms, as well as in the ability of pathogenic microbes to
withstand those defenses. The relationship between water flux and vacuolar
processes (such as acidification) has not been examined methodically or
quantitatively in live cells, presumably due to the historical difficulty of observing
water movement in intracellular organelles.
Although the mechanism of water transport through plasma membrane
has been studied extensively in different kind of cells, tissues, organs and even
in different animals, no report has addressed either the mechanism of water
transport in organelles of living cells or the quantification of water exchange in
them. To the best of my knowledge, volume changes related to water flux in
whole cells was first systematically studied in muscle cells by Nasonov and
Aizenberg, demonstrating maintained shrinkage of living cells in solutions of non
electrolytes permeant to the cell membrane.81 Later on, some studies observed
the same phenomenon in cells placed in solutions containing, among other ions,
sodium and potassium. 82, 83 Quantification of water in cells has been more widely
studied using a variety of methods (some of them described in section 1.3) but
there are few studies of water transport in organelles. In addition, these have
been performed after isolation of the organelles which does not represent normal
physiology of intact cells. The studies of water transport in organelles have been
conducted in isolated mitochondria and lysosomes. 56, 84, 85
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In this thesis, we have developed development of a fluorescence method
for measurement of water transport in endocytic organelles in living cells and
have applied the fluorescent probe to follow the changes in water permeability in
these organelles. This is the first time that a systematic study of water exchange
in these organelles in living cells has been conducted.
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CHAPTER TWO

RATIOMETRIC FLUORESCENCE PROBE FOR IMAGING WATER
TRANSPORT IN SUBCELLULAR ORGANELLES USING D2O AS A
CONTRAST AGENT
This is a manuscript in preparation for submission to Analytical Chemistry

2.1 INTRODUCTION
Water is the most abundant molecule inside cells and the solvent of nearly
all intracellular chemistry. Water exchange across the plasma membrane has
been extensively studied

1-3

and much experimental evidence has accumulated

to describe the movement of water into live cells. In contrast, analytical methods
to directly track intracellular water exchange have not previously been described.
As a result, no water transport measurements between membrane-bounded
compartments inside the cell have been reported. However, a description of
water exchange between intracellular compartments is pivotal to understanding
normal cell physiology for all cells, and particularly important for cell types known
to internalize large volumes of water.
A primary mechanism for water transport into cells is via endocytosis. For
example, kidney proximal tubule epithelial cells, macrophages, and dendritic cells
internalize large quantities of fluid by endocytosis.

In this case, plasma

membrane invaginations are pinched off to form intracellular vesicles called
pinosomes, or at larger volumes, macropinosomes.4 No direct observation of
33

intracellular water transport during endocytosis has been possible, and water
transport out of the pinosome has been assumed from other concurrently
observed processes. For example, morphological observations have shown that
pinosomes shrink over time,5 presumably decreasing total volume by loss of
water.

Similarly, solute transport studies have been used to suggest that

internalized water moves across the pinosomal membranes and into the
cytoplasm, then across plasma membrane and out of the cell.6 Hence, although
it has not been observed directly, intracellular water transport is assumed to be a
fundamental part of the endocytic process.
Extracellular fluid is also taken into cells during phagocytosis of apoptotic
cells, particles, or invading microbes. In this process, extracellular particles and
accompanying fluid are delivered to intracellular compartments by macrophages
and other professional phagocytes.7

Most microorganisms ingested by such

phagocytes are killed inside phagolysosomes,8,

9

and water transport may be

important in this microbicidal activity, since phagosome volumes decrease as
they mature.9

Several pathogenic microorganisms are not killed inside

phagosomal compartments may control water transport in the phagosome as a
survival strategy.10 For example, Salmonella typhimurium invades macrophages
and replicates inside the resulting spacious vacuole, which does not decrease its
volume over time, in contrast to those in uninfected cells.11,

12

Hence,

intracellular water transport is likely associated with innate immune system
function. These data suggest that phagocytosis, like endocytosis, requires water
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transport into or out of subcellular organelles. However, the specific role of water
in the cell cannot be completely understood without direct measurement of water
transport across subcellular membrane-bounded compartments in live cells.
A broad range of methods have been described that infer water transport
across the plasma membrane of whole cells from changes in volume under
conditions of osmotic stress (i.e. measurements of osmotic membrane
permeability coefficient (Pf)). For example, light scattering varies with the change
in volume produced by swelling or shrinking upon water flux, and has been
widely applied.1,

3, 13-16

Fluorescence microscopy methods have been used to

calculate changes in cell volume from concentration-dependent changes in
fluorescence signals 15, 17, making use of dyes such as carboxyfluorescein
self-quenching fluorophores such as fluorescein sulfonate (FS)

18-20

,

21-23

, or

fluorophores whose fluorescence quantum yield is quenched by some known
cytoplasmic component (e.g. 6-methoxy-N-[3-sulfopropyl] quinolinium (SPQ) and
7-(b-D-ribofuranosylamino)-pyrido[2,1-h]-pteridin-11-ium-5-olate (LZQ).

24

A

recent cell-volume sensor infers water transport from alterations in electrical
resistance of solutions bathing cells following cell swelling.25,

26

Although

individual methods have specific limitations (e.g. self-quenching methods may be
complicated by changes in dye signal unrelated to water flux), all experiments
carried out under osmotic stress have unifying drawbacks.

First, such

measurements generally require at least a two-fold difference between
intracellular and extracellular solute concentrations, a condition significantly
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different from normal physiology. Second, morphological measurements have
the potential to generate an incomplete picture of water transport, since water
flux may occur in the absence of a change in volume or in cases where volume
changes are too small to measure accurately. Most importantly for the study of
intracellular water transport, osmotic gradient techniques cannot be used to study
organelles or vacuoles inside intact cells, since imposing a controlled osmotic
gradient in the cytoplasm of live cells poses a significant difficulty.
Methods have also been outlined to measure diffusional exchange of
water in the absence of osmotic gradients (e.g. measurements of diffusional
membrane permeability coefficient (Pd)).27-30

Early methods tracked entry of

tritium into whole cells or tissue slices.31, 32 Other methods include measurement
of deuterium efflux out of cells via density-gradient determination,33 as well as an
interesting, if narrowly applicable, method that used changes in cell density as a
way to determine deuterium influx.34 More recent methods include NMR analysis
of whole cells or isolated compartments loaded with isotopic markers, and has
been applied to a variety of cell types.34-37 Water movement into the cytoplasm
of whole cells under isotonic conditions has also been detected using the
fluorescent dye 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS), which alters
its fluorescent signal in the presence of D2O.38

ANTS can be used as a

quantitative indicator of the transport of D2O into the cytosol under either isotonic
or osmotic gradients, and has been applied to observe water flux in perfused
kidney tubules, 39 intact mouse lung, 40 membrane vesicles, 41 and sealed red cell
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ghosts and artificial liposomes.42 Unfortunately, none of the existing methods to
determine diffusional water exchange can be used to observe water transport
into or out of intracellular compartments. Hence, there remains an outstanding
need for new methods that allow direct quantitative investigation of water
transport in subcellular organelles.
An effective analytical method to directly image intracellular water
transport/flux within live cells requires a probe that directly responds to water in a
quantitative fashion. The probe must be coupled to a macromolecule, such as a
high molecular weight dextran, to promote endocytic uptake and maintain
localization to subcellular compartments. In addition, a perfusion or superfusion
buffer exchange system is required, since the external solution that bathes the
cells must be altered faster than the cell responds to solution changes. In other
words, the temporal limiting factor for these measurements must be cellular
response rather than buffer exchange. Image acquisition must also be rapid.
Finally, image resolution must be sufficient to visualize subcellular organelles.
Here we demonstrate the feasibility of a ratiometric probe in combination with
rapid perfusion and a microscope with high spatial resolution to image water
movement in organelles in live cells under isotonic conditions.

These data

demonstrate the first direct imaging of water flux within the subcellular
compartments of live cells, and constitute the first phase in the study of water
exchange in endocytic organelles. Unlike the majority of previous methods to
measure water movement, the ratiometric imaging methodology described here
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provides direct visualization of water flux in the absence of changes in cell
volume.
Fluorescence ratiometric probes, as used here, rely on variation of the
emission intensity of one dye with analyte concentration, while the intensity of an
additional dye remains constant. Because addition of an analyte-insensitive dye
creates an internal reference, ratiometric probes minimize the effects of
bleaching, variations in excitation power, and pathlength, as well as alterations in
fluorophore concentration caused by shrinking or swelling as water is taken in or
out of the cell. Hence, use of an internal reference is inherently less prone to
systematic error than single fluorophore probes.

Here we describe and

characterize a newly designed ratiometric probe consisting of Lucifer Yellow
Dextran, (LY-dex), whose fluorescence intensity depends on the ratio of [H2O]/
[D2O] in the medium, and Alexa Fluor 546, (AF546-dex) whose signal is
insensitive to D2O. This dye combination allows us to use D2O as a contrast
agent for direct determination of water exchange within cells.

2.2 MATERIALS AND METHODS
2.2.1 Reagents and Solutions
All fluorescent probes were obtained from Invitrogen and used as
received. D2O (99%) was obtained from Cambridge Isotope Laboratories. All
other reagents were obtained from Fisher Scientific or VWR and used as
received. Both in vitro and live cell experiments were performed in Ringer’s
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Buffer (RB; 155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM
NaH2PO4, 10 mM glucose, 10 mM HEPES, pH 7.2). Measurements of the pH,
ionic strength, and protein dependent fluorescence of the fluorescent probes
were performed in Universal pH buffer (UB; 10 mM HEPES, 10 mM MES, 10 mM
NaCOOH, pH 4-8). For all solutions, pH was adjusted to 7.2 (pH in RB prepared
in D2O was corrected by 0.41 pH units).
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Additionally, RB prepared in D2O was

adjusted to constant conductivity with NaCl, to account for osmotic differences
between H2O and D2O buffers.

2.2.2 In vitro Fluorescence Measurements
Fluorescence

spectra

were

recorded

using

a

steady-state

spectrofluorometer (Photon Technology International, PTI QuantaMaster).
Emission spectra of Lucifer Yellow dextran (LY) and Alexa fluor 546 dextran
(AF546) were recorded in RB using 425 nm excitation (2 nm band pass) and the
emission scanned from 435 - 650 nm (2 nm step; 2 nm band pass) for LY and
550 nm excitation (2 nm band pass) and the emission scanned from 560 - 650
nm (2 nm step; 2 nm band pass) for AF546.
Calibration curves measuring the probe response to changes in %D2O
were also measured in RB using the excitation wavelengths, emission
wavelengths, and band pass described above. To calculate the LY/AF546 ratio
(R), the recorded fluorescence emission was integrated from 523 – 528 nm for
LY and from 563-568 nm for AF546.
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To determine whether there were significant environmental perturbations
of LY and AF546 fluorescence emission as a function of pH, ionic strength, and
protein concentration, fluorescence emission spectra were acquired in UB using
the same excitation wavelengths, emission wavelengths, and band pass
described above.
2.2.3 Cell Culture and Labeling.
CHO-K1

cells

were

grown

in

F12K

medium

(Mediatech)

and

supplemented with 2mM L-glutamine, 1.5 g/L sodium bicarbonate, 10% fetal
bovine serum, and 1mg/mL penicillin/ streptomycin mixture (Hyclone), at 37°C
with 5% CO2. Cells were plated on 35mm glass-bottom dishes or on 25mm
coverslips in 6-well plates at 50,000 cells/dish, loaded with 10 µL of an AF546
stock (10,000 MW; 10 mg/mL) and 10 µL of a LY stock (10,000 MW; 10 mg/mL),
then incubated overnight. The next day, the cells were washed at least 3X in
media followed by a >1 h chase. Cells were then washed 3X in RB prior to
imaging.
2.2.4 Fluorescence Microscopy and Measurements in Live Cells
All fluorescence images were acquired with an inverted fluorescence
microscope (Olympus IX71) equipped with fluorescence excitation from a 300W
Xe arc lamp coupled to the microscope via a liquid light guide (Sutter
Instruments).

Differential interference contrast (DIC) was also available for

transmitted light imaging. The microscope was equipped with both excitation and
emission filter wheels (Sutter Instruments). A Pinkel set consisting of a beam
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splitter, single band excitation filters, and a dual band emission filter optimized for
the LY/AF546 dye pair (Chroma) was used for all experiments. Finally, an OrcaER CCD (Hamamatsu) was used for image acquisition. Control of all microscope
components and all image processing utilized Slidebook 4.2 (Intelligent Imaging
Innovations).
A superfusion system consisting of a programmable syringe pump
(Hamilton) and a 360 µm diameter polyimide needle mounted on a
micromanipulator was used to generate high local concentrations of D2Oenriched RB near the needle tip. Using this setup, the RB prepared in H2O
surrounding individual cells incubated could be rapidly exchanged into RB
prepared in D2O.

Water exchange was monitored by measuring the

fluorescence of LY and AF546 during alternating superfusion with RB prepared in
H2O and D2O.
All fluorescence images were acquired using cells loaded with LY and
AF546 plated in 35mm glass-bottom dishes or on 25mm coverslips loaded in an
open imaging chamber (Warner Instruments) at room temperature (20 – 21 °C).
A 40 frame/sec acquisition rate with a 5-8 ms integration time was used during all
superfusion experiments. Images were processed by first subtracting the dark
current for the CCD followed by a background subtraction which consisted of
subtracting the average intensity from a cell-free region of the images. Images
were corrected for shading using the methodology described by Burkhardt et al.44
A threshold mask was applied to labeled lysosomes in all images using the
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AF546 channel and the average intensities from the LY-dex and AF546 channels
of each object was exported to a spreadsheet for further analysis. For each
lysosomal object, these average intensities were fitted to a single exponential
model using non-linear least-squares regression in SigmaPlot (Systat) to extract
the rate constant (k).
The observed lysosomal water permeability coefficients (Po) were
calculated using Equation 141:
P 




(Equation 1)

where τ is the exchange time (1/k), V is the lysosome volume and A is the
lysosome surface area. The lysosomal volume was determined from LY-dex and
AF546-dex loaded lysosomes using two independent methods: (a) acquiring a
three-dimensional image stack using a series of z-slices which permitted a 3D
reconstruction of the organelles by deconvolution and (b) using the measured
area of a threshold mask to obtain the radius of a spherical object with the same
area and using this radius to calculate the volume of the lysosome assuming a
spherical shape. A more detailed description of these measurements can be
found in the Supplemental Material (Figure 2.6 and table 2.1).

2.3 RESULTS AND DISCUSSION
2.3.1 Choosing Fluorescence Probes
Lucifer Yellow (LY-dex) is a dye whose fluorescence intensity is altered by
the presence of D2O in solution38 and, when coupled to a high molecular weight
42

dextran, is readily trafficked to lysosomes following pinocytosis.

We began

investigations to determine whether LY-dex could be used to detect water
transport into and out of subcellular compartments in live cells. We hypothesized
that when cells were loaded with LY-dex in H2O buffers and then superfused with
similar solutions prepared in D2O, transport of the external D2O solution through
the plasma membrane would result in alterations in LY-dex fluorescence, directly
reflecting water exchange inside the organelle.

The process could also be

carried out in reverse (i.e. cells incubated in solutions prepared in D2O solutions
could be superfused with solutions prepared in H2O). In addition, we searched
for a D2O-insensitive second dye that could be used as an internal standard.
Results below characterize the use of LY-dex in tandem with AF546-dex as the
internal standard to create a ratiometric probe capable of measuring water
transport into and out of subcellular compartments in intact cells.
A successful ratiometric probe combines one dye with high sensitivity to
the analyte of interest with a second dye insensitive to analyte concentration; the
two dyes must be sufficiently spectrally separated that their signals are largely
independent. As shown in Figure 2.1A, an approximately two-fold increase in
LY-dex emission is observed as the solvent composition is changed from 100%
H2O to 90% D2O. In contrast, AF546-dex is insensitive to D2O concentration
(Figure 2.1B). These results are consistent with the tandem use of LY-dex and
AF546-dex to measure D2O concentration. For LY-dex, excitation and emission
maxima are 425nm and 525 nm, respectively, whereas for AF546-dex, the
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excitation and emission maxima are 546nm and 575nm, respectively. Hence,
excitation spectra of the two dyes are sufficiently separated to minimize spectral
overlap when used with appropriate excitation filters.

In addition, no energy

transfer was observed between the dyes at the concentrations used in our
experiments (data not shown).
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Figure 2.1. Lucifer Yellow and Alexa Fluor 546 emission spectra. (A) Lucifer Yellow dextran
spectra (B) Alexa Fluor 546 dextran emission in H2O (continuous line) and in D2O (dotted line). Spectra
were recorded in a mixture of dyes containing 60 nM LY-dex and 750 nm AF546-dex.

As expected given the data for the individual dyes, when the dyes are
used together as a probe, the emission intensity ratio of LY-dex and AF546-dex
(R = ILY-dex/IALF546-dex) is linear (Figure 2.2). A change in ratio of about 0.4 units
was observed when the solvent composition changes from 100% D2O to 100%
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H2O. Given the precision of these in vitro measurements, the probe can detect
changes in solvent composition as small as 2%.

As AF546 is significantly

brighter than LY-dex, we adjusted our LY-dex:AF546-dex molar ratio (12:1) to
equalize the signal intensity of the two dyes within our data acquisition
parameters.
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Figure 2.2 In vitro calibration curve of LY-dex/AF546-dex emission intensity ratio vs v/v%D2O. The
fluorescence emission ratio of a 12:1 molar ratio of LY-dex:AF546-dex was measured at variable D2O
containing buffer compositions. The ratio followed a linear relationship. The solid line shows the linear
regression of these data.

Closely related to the use of LY-dex as part of a ratiometric water sensor
is the work of investigators who have used the D2O-sensitive dye ANTS to make
in measurements in cells and tissues.23,
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40, 41, 45

In these applications, cells,

tissues, or whole organs loaded with ANTS were perfused with D2O; changes in
ANTS fluorescence intensity or fluorescence lifetime were then observed as D2O
was transported into the cell or tissue. Potma et al. used two-photon microscopy
and fluorescence lifetime imaging to show an effective ratiometric lifetime
response using ANTS.46

Unfortunately, the ANTS fluorophore loses its D2O

sensitivity when coupled to a dextran via covalent attachment using its amine
functionality (data not shown); such coupling is required to ensure that the dye
remains localized to the endocytic pathway and is trafficked to lysosomes, and is
not actively removed from the cell or organelle via the organic anion transporter.
As a result, it is difficult to know where ANTS will be localized in the cell, and
once within the cell, it is rapidly cleared. ANTS has an additional disadvantage;
with excitation wavelengths of either 320 nm or 385 nm, background
luminescence from the cells, coverslips, and optical components can be
problematic. Hence, we focused on visible-spectrum dyes that would minimize
background signals. Of the dyes we examined, LY-dex showed the greatest
sensitivity to D2O concentration and could be obtained as a dextran conjugate.

2.3.2. Effects of solution conditions on probe behavior in vitro: pH, salt
concentration, protein concentration
Since pH and ion concentrations vary within cells or subcellular
compartments, an ideal probe would be insensitive to variations in salt
concentration and pH. This requirement is particularly important for probes used
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in macropinosomes, phagosomes, and lysosomes, where radical changes in pH
and ionic concentrations are observed.5,

47-49

To evaluate the sensitivity of the

probe to solution conditions, we measured the fluorescence intensity ratio of the
LY-dex/AF546-dex probe as a function of pH and NaCl concentration in both H2O
and D2O solutions. Emission intensity ratio (R) was insensitive to pH from 3.5
and 7.5, the physiological range in endosomes and lysosomes (Figure 2.3A).
Similarly, no significant sensitivity to NaCl concentration was observed from 0 to
200 mM (Figure 2.3B). Insensitivity to NaCl was also observed at concentrations
as high as 1500 mM (data not shown). These data suggest that a mixture of LYdex and AF546 can be used as a ratiometric probe in cells without significant
complications from intracellular or intra-organellar perturbations in pH and/or
ionic strength.
High concentrations of protein within the cell also have the potential to
affect probe sensitivity. To investigate whether nonspecific protein interaction
with probe dyes could affect probe response, experiments were carried out in
which bovine serum albumin (BSA) was added to solutions of LY-dex and
AF546-dex. The fluorescence intensity ratio was measured between 0% D2O
and 90% D2O over a range of BSA concentrations, up to 30 mg/mL. In this case,
30 mg/mL was chosen to approximate possible protein concentrations in the
cell.50 As shown in Figure 2.3C, ratio data do not vary with added BSA. These
data indicate that nonspecific protein interaction with probe dyes is unlikely to
affect probe performance within cells.
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Figure 2.3. In vitro evaluation of pH, ionic strength, and protein concentration dependence of
the probe. Intensity ratio of solutions containing a 12:1 molar ratios LY-dex:AF546-dex were
measured (A) over a physiologically relevant pH range (B) at different NaCl concentration simulating
variation in ionic strengths (pH 7.0) (C) and with variable protein (BSA) concentrations (pH 7.0 and
100 mM NaCl) in 100% H2O and 90% D2O. Only minor changes among the intensity ratios in H2O or
D2O were observed over the tested ranges. Open circles are solutions prepared in D2O while closed
circles were solution prepared in H2O. Error bar: 95% confidence interval.

2.3.3 Intracellular Probe Characterization
After successful characterization of the probes in vitro, we began
investigating the sensitivity of the probe to D2O perfused cells.

Since the

dextran-coupled LY-dex/AF546-dex probe is isolated to the endocytic pathway
and can be chased to lysosomes over time, this probe can be used to observe
water transport into or out of the lysosomes.

Transport of extracellular material

via endocytosis to the lysosome occurs with observed changes in organelle
volume5, as well as significant changes in pH and ion concentrations.47-49
However, it is not known whether water flux is causally responsible for the
observed volume and pH changes. Measurements of water transport into the
48

lysosomes, as begun here, are designed to illuminate these processes. Data
shown here shows probe response to D2O concentration in the lysosomes of
CHO-K1 cells
To investigate probe behavior in cells, CHO-K1 cells were loaded with LY-dex
and AF546-dex, such that both dyes were taken into the cell and localized to
endocytic compartments.

Prior to imaging, cells were washed into buffer

prepared with 100% H2O and images acquired for both and AF546-dex. The
extracellular solution was serially exchanged with buffers prepared with 30%
D2O, 50% D2O, 70% D2O, and 90% D2O; additional images were acquired at
each buffer condition.

Figure 2.4A shows distinct localization of the dyes

conjugated to dextran molecules into the subcellular compartments of cells,
dextrans are one of the most investigated carriers in endocytosis and it is well
known that after prolonger chase of cells (≥ 2 hours) the pinocytoced dextran is
delivered to late endosomes and lysosomes.

It is visually apparent that the

fluorescence intensity of LY is higher in the lysosomes of cells in D2O buffers
than those in H2O buffers, while the intensity of AF546-dex is unchanged in all
images. Hence, the probe reflects changes in D2O/H2O concentrations within the
cell. As expected from the in vitro data, the probe fluorescence ratio (R = ILYdex/IAF 546-dex)

increased in a D2O concentration-dependent manner within the cell.

Measured probe ratios varied from 0.400 ± 0.006 (in 0% D2O RB) to 0.61 ± 0.08
(in 100% D2O RB), and were linear with changes in D2O concentration (Figure
2.4B). These data demonstrate that within cell organelles, the LY-dex/AF546-
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dex probe can be used as a ratiometric probe that responds directly to changes
in D2O/H2O concentration.
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Figure 2.4. (A) Ratio imaging of labeled lysosomes in CHO-K1 cells. LY-dex fluorescence
intensity increases as water inside lysosomes is replaced by D2O. AF546-dex fluorescence
intensity remains constant. Ratio increases as D2O content in the buffer increases. Scale bar is
10 µm. Intensity scale bar for ratio is shown where red represents high ratio values and blue
represents low ratio values.
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Figure 2.4 (B) Ex vivo calibration curve of LY-dex/ AF546-dex emission intensity ratio
vs v/v %D2O. Lysosomal compartments were loaded with a 12:1 LY-dex:AF546-dex molar
ratio mixture. Fluorescence emission ratios were measured as a function of extracellular
buffer D2O compositions following a 10 minute equilibration. Solid line shows the linear
regression of these data. Error bar are s.e.m. n= 6 cells.
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A comparison of in vitro and cell data demonstrates that the probe is
somewhat less sensitive to D2O concentration in the cell than in the cuvette
(slopes of the relevant calibration curves were (4.00 ± 0.04) x10-3 and (2.00 ±
0.06) x10-3, respectively). Thus, less signal change as a function of extracellular
D2O was observed for probe dyes within cells than was observed for the probe
dyes in a cuvette. Changes in the relative response of fluorescent probes ex vivo
are common.51,
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It has been assumed that altered probe response reflects

altered sensitivity within the specialized environment of the cell, presumably as a
result of interaction with intracellular proteins or as a result of other solution
conditions in the intracellular environment. However, the relative insensitivity of
the LY-dex/AF546-dex probe to variations in salt, pH, and nonspecific protein
concentration in vitro suggests a possible alternative.

In this case, probe

sensitivity in the lysosome could be similar to that observed in vitro, while
observed smaller probe response in the lysosome could reflect the presence of
cellular control mechanisms that operate to keep lysosomal D2O levels lower
than those in the extracellular space. Here, probe response would be quantified
using either an in vitro calibration curve, or a calibration curve obtained in the cell
under conditions of free buffer exchange with the extracellular environment.
Experiments are currently underway to support or rule out the presence of
cellular control mechanisms capable of controlling water movement into the
lysosome.
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These images obtained with the LY-dex/AF546-dex probe represent the
first direct analysis of water transport within endosomes of live cells. To our
knowledge, this data also represents the first analysis of water movement into
any type of organelle within an intact cell. In part, the paucity of organelle data
within cells could reflect the difficulty of applying previously existing methods to
water transport into organelles.

Previous researchers have isolated relevant

organelles from whole cells prior to study. There is a single study reporting the
use of self-quenching entrapped fluorophores to characterize the water
permeability of isolated lysosomal membrane vesicles.18

Unfortunately,

analytical techniques that use isolated organelles cannot fully characterize
cellular processes because they neglect the role of intracellular interactions on
organelle function.
2.3.4 Water Flux measurements
Previous methods for determining water movement in and out of cells or
organelles have reported water flux kinetically, in terms of membrane
permeability (i.e., Pd or Pf ; cm/s ).

Such measurements do not attempt to

measure how much water is actually passing through the membrane under
biological conditions. Instead, they report a rate that reflects how fast water can
pass through a membrane relative to other systems that have been measured in
a similar fashion. While useful for comparison of the permeability of different
systems, such water flux measurements are difficult to translate into the amount
of water that is actually being transported in a given cell or organelle. In contrast,
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because the signal change of the LY-dex/AF546-dex water probe is calibrated,
the probe can be used to describe water movement in terms of a total
percentage change, a value that is more easily interpretable in terms of cell
function.

This

total

percentage

alteration

can

be

reported

in

either

thermodynamic or kinetic terms, depending on the method of data collection.
The images shown in Figure 2.4 report the total percentage change of
lysosomal water content at equilibrium. In contrast, fast ratiometric images of the
intracellular probe over the time course of water transport can yield kinetic data.
Here we present proof of principle kinetic analysis that demonstrates the
suitability of the LY-dex/AF546-dex probe for collection of kinetic water flux
measurements, including water permeability. Single cells loaded with the LYdex/AF546-dex probe pair were rapidly superfused with buffer prepared in D2O.
Figure 2.5 shows the time course of LY-dex intensity as D2O enters the
lysosomes of a single cell, and a subsequent time course for AF546 in the same
cell.

The signal to noise ratio values observed for both dyes inside the

lysosomes were between 8-10. As expected, the LY-dex signal responds to
superfusion of the cell with D2O, while the AF546 signal remains constant. We
have used LY-dex signal alone to extract a rate constant and τ value, which were
then used to calculate an observed permeability constant (Po) of (5.1 ± 0.2) x 10-3
cm/sec.

These kinetic data are not ratiometric; a more sophisticated image

collection apparatus that allowed simultaneous collection of the LY-dex and
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AF546-dex images would yield true fluorescence ratios that would yield the
corresponding ratiometric kinetic data.
A potential systematic error in kinetic experiments requiring buffer
exchange can be created by insufficiently fast perfusion. If buffer exchange is
not completed before the start of D2O entry into the cell, the observed kinetics
could contain contributions from buffer exchange as well as water transport.
Control experiments were conducted to test the buffer exchange rate in the
superfusion chamber in the absence of cells.

A solution of AF546-dex was

placed in the programmable syringe pump of the superfusion system, and
injected into the superfusion chamber, while the fluorescence signal was
recorded at the observation window at which cells would be located
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Figure 2.5. Time course showing the average fluorescence intensity of labeled CHO-K1

lysosomes in response to rapid superfusion of 90% D2O containing buffer.
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fluorescence intensity (open circles) increases while AF546-dex fluorescence intensity (closed
circles) does not changes appreciably during the experiment.
instrument response function for rapid superfusion alone.
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The solid line shows the

A time course of the normalized dye signal is shown overlaid on the time
course of lysosomal water exchange in Figure 2.5. These data indicate that
buffer exchange in this superfusion system occurs significantly faster than the
rate of lysosomal water transport. Hence, it is unlikely that the observed kinetics
of lysosomal water exchange are affected by the superfusion rate.
These data represent the first kinetic analysis of water flux in intracellular
organelles in live cells. However, the ability to collect ratiometric kinetic data
illustrates an important additional strength of the LY-dex/AF546-dex probe. That
is, the probe can be calibrated with respect to percentage D2O in solution. As a
result, ratiometric kinetic measurements obtained using the LY-dex/AF546-dex
probe can be interpreted in terms of the change of total water content as a
function of time, using a calibration similar to that shown in Figure 2.4B. The
resulting data can yield the percentage of total original water in the lysosome that
has exchanged with external solution over the time course of the experiment. To
our knowledge, no other currently available methods for water flux measurement
can achieve this level of information.
Strictly speaking, the permeability constants we have calculated are
neither Pf nor Pd. Both Pf, obtained under an imposed osmotic gradient, and Pd,
obtained under isosmotic conditions, focus exclusively on the characteristics of
the membrane itself and do not describe operational cellular function. 1, 27, 36, 41 In
such measurements, every effort is made to separate membrane behavior from
other variables that would affect water transport in the cell, including crowded
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solutions in the cytosol or extracellular space, non-laminar flow of water through
membrane pores because of unstirred layer effects, or other conditions that
might normally operate during water transport in vivo. We have attempted to
measure the amount of water actually moving into the lysosome, rather than
examining the isolated behavior of the lysosomal membrane itself. Our reported
kinetic measurements describe the rate at which water travels from the
extracellular space through the cellular membrane to the cytosol, and through the
lysosomal membrane into the interior of the compartment, and necessarily
include all variables affecting water flow. Hence, while obtained under isosmotic
conditions, the permeability constant we describe is not a true Pd. Instead, our
value describes the operational rate of water transport into the lysosome, or Po.
We believe that such measurements are necessary to understand how water is
transported and controlled within the cell.

2.4 CONCLUSIONS
Data described here demonstrate that Lucifer Yellow Dextran can be used
together with Alexa Fluor 546 Dextran as a ratiometric probe for direct
observation of water movement in live cells. To our knowledge, these efforts are
the first quantitative measurements of water transport in the intracellular vacuoles
of live cells. The work has an additional important implication. Because of the
relationship of the water probe signal to total percentage D2O or H2O, the
described probe has the potential to quantitatively describe the movement of
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water in and out of the cell in terms of a percentage change rather than a
membrane permeability value alone.
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2.6 SUPPLEMENTAL MATERIAL.
2.6.1 3D reconstruction of lysosomes
Two independent methods were tested to determine the volume of the
lysosomes. In the method one, a single cell loaded with AF546-dex was chosen
by defining a rectangular region. The lysosomes were focused; the pathway to be
scanned in the z axe was set to 20 µm up and down of the focus point. Image
stacks were acquired with a focus displacement of 1 µm, the lysosomes were
outlined in consecutive imaging stacks ranging from the top to the bottom of the
cells. Image reconstruction was performed removing out of focus light by noneighbors deconvolution of the image stacks using SlideBook digital microscopy
software from Intelligent imaging innovations. The volume of the lysosome
reconstructed image was calculated automatically by the SlideBook program.
In the method two, a threshold mask was applied to cover the lysosome
area in the focus point of the stacks recorded in the method one. The area of the
mask was calculated by the SlideBook program. It was assumed that the surface
area corresponded to a spherical object and the radius for this object was
calculated according to

The volume of the assumed sphere was calculated replacing the radius
value obtained in the equation
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4
3



The volume values obtained using the two methods were compared and
the deconvolution method gave between 8 and 15% higher values that the
obtained using the mask method.
Additionally, 3D reconstruction of 15 µm fluorescent beads was carried out
and the volume of the reconstructed image was calculated by SlideBook
program, the volume values obtained by the 3D reconstruction were 6.5-19.5%
higher than the calculated using the radius of the beads.
Table 2.1 shows a representative example of the volume values obtained using
the two methods.
Table 2.1. Comparison of results obtained from the use of different models to calculate
lysosomal volumen

Lysosome
volume
method 1
(µm3)
106025

Surface Area
Mask
(µm2)

Radius
(µm)

2546.2

28.5

Lysosome
volume
method 2
(µm3)
96651.4

% Difference

8.8

The recorded image stacks allowed the 3D reconstruction of labeled
lysosomes, Figure 2.6 shows typical images of the reconstructed lysosomes
loaded with AF546-dex. As expected, lysosomes look like a connected network.
The morphological complexity of the lysosomes preclude the generation of
equations for describe their shape and calculate their volume departing of a
unique measurement. The selected fit model for the area of the mask (spherical
approach) had the sole intention of establishing a simplistic way to determine
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lysosomal volume avoiding the generation of the 3D reconstructed imaging after
each perfusion experiment.

a

b

c

d

e

f

g

Figure 2.6. Example of 3D reconstruction of lysosomes labeled with AF546. (a)Picture
corresponding to the focus point . (b) and (c) x-y planes .(d) and (e) y-z planes. (f) and (g) x-z
planes. Grid size 10µm.
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CHAPTER THREE
QUANTIFICATION OF WATER TRANSPORT IN SUBCELLULAR
ORGANELLES
Manuscript in preparation for submission to Biochemical and Biophysical
Research Communications

3.1 INTRODUCTION
Although water is the solvent where ions and molecules are dissolved and
where the organelles are bathed, the mechanisms that control its intracellular
transport are largely unknown. In part, this paucity of information has been driven
by the historical lack of methods suitable for observation of intracellular water
flux. A variety of indirect methods for inferring water transport in whole cells from
changes in cellular volume with osmotic pressure have been described.1,

2

For

example, light scattering, laser interferometry, and spatial filtering microscopy
have been used to infer changes in cells or isolated vesicle volumes.3-7 Also, an
emerging method that utilizes microfluidics was used to detect water transport in
cells.8

More

commonly,

confocal

fluorescence

microscopy,

wide-field

fluorescence microscopy, or total internal reflection fluorescence microscopy
have been used to infer volume changes from variations in the fluorescence
intensity of concentration-dependent dyes or indicators in response to an osmotic
gradient.4, 9-11 These morphological methods are not amenable to studying water
transport into or out of organelles, largely because manipulating the osmotic
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pressure inside a live cell is problematic. In addition, such measurements have
the potential to generate an incomplete picture of water transport, since water
flux may occur in the absence of observable volume changes, or under isosmotic
conditions. Additional methods have been outlined to measure diffusional
exchange of water in the absence of osmotic gradients.1 For example, tritium
entry into whole cells or tissue slices has been tracked,12, 13 and NMR has been
used to analyze whole cells or isolated compartments loaded with isotopic
markers.14-17 Water movement into the cytoplasm of whole cells under isotonic
(and osmotically stressed) conditions has been detected using the fluorescent
dye

8-aminonaphthalene-1,3,6-trisulfonic

acid

(ANTS),

which

alters

its

fluorescent signal in the presence of D2O.18-22 However, like volume-based
assays, these methods do not allow observation of water transport at the
subcellular level.
We recently reported results of studies that use a ratiometric fluorescent
probe pair consisting of a mixture of Lucifer Yellow dextran (LY-Dex) and Alexa
fluor 546 dextran (AF546-dex) responds quantitatively to changes in the
H2O/D2O ratio (v/v %) when loaded into endocytic compartments of intact cells.23
Notably, unlike the majority of previously reported methods that measure cellular
water transport, this new sensor does not depend on changes in cell volume, but
uses the subtle chemical differences between H2O and D2O to generate image
contrast and measure water exchange. As water movement across membranes
is critical for a variety of cell types
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24

including renal cells,25 macrophages,26 and

dendritic cells,27 this newly developed LY-dex/AF546-dex probe serves as an
important tool to illuminate cellular physiology. The probe was tried in
macrophages since this cells macrophages an important part of the innate
immune system and because their ability to exchange water very fast (2 times
their volume each 2 hours) with their environment.
Previously we observed reduced probe sensitivity when the LY-dex and
AF546-dex conjugates were loaded into CHO-K1 cell lysosomes relative to what
we observed in vitro.23 In addition, we only observed minimal changes in probe
sensitivity as a function of pH, ionic strength, and protein concentrations.23 While
it is possible that the observed reduction in probe sensitivity could be attributed to
the specialized solution conditions of the lysosome, an alternative explanation
could include novel cellular mechanisms that control membrane permeability of
these intracellular compartments. To distinguish between these possibilities, we
used careful calibration methods using the pore-forming antibiotic digitonin to
investigate the source of reduced probe sensitivity in loaded lysosomes of cells.

3.2 MATERIALS AND METHODS
3.2.1 Reagents and Buffers
All fluorescent probes were obtained from Invitrogen and used as
received. D2O (99%) was obtained from Cambridge Isotope Laboratories. All
other reagents were obtained from Fisher Scientific or VWR and used as
received. All experiments were performed in Ringer’s Buffer (RB; 155 mM NaCl,
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5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM glucose, 10 mM
HEPES, pH 7.2) prepared in either H2O (RB-H2O) or D2O (RB-D2O). For all
solutions, pH was adjusted to 7.2 (pH in RB prepared in D2O was corrected by
0.41 pH units).28 Additionally, RB-D2O was adjusted to the same conductivity as
RB-H2O with NaCl, to account for osmotic differences between H2O and D2O
buffers. Intracellular pH calibration was performed as described previously by
addition of 100 ng/mL nigericin and 100 ng/mL valinomycin in Calibration Buffer
(CB; 15 mM HEPES, 15 mM MES, 155 mM KC, pH 4.5 - 7.5) and incubating ≥
10 min at 37°C at each calibration point prior to acquiring images.29

3.2.2 Cell Culture and Label.
J774A.1 cells were grown at 37°C with 5% CO 2 in DMEM (Mediatech)
supplemented with 2mM L-glutamine, 10% heat-inactivated fetal bovine serum,
and 1 mg/mL penicillin-streptomycin (Hyclone). Cells were plated in 35mm glassbottom dishes or on 25mm coverslips in 6-well plates at 100,000 cells/dish the
day prior to the experiments and loaded with 5 µM of both AF546-dex and LYdex or 5 µM fluorescein dextran (FITC-dex), then incubated overnight. The next
day, the cells were washed at least 3X in media followed by a ≥ 2 h chase. Cells
were washed 3X in RB prior to imaging.
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3.2.3 Fluorescence Microscopy and Measurements in Live Cells
All fluorescence images were acquired with an inverted fluorescence
microscope (IX71; Olympus) equipped with fluorescence excitation from a 300W
Xe arc lamp coupled to the microscope via a liquid light guide (Lambda LS;
Sutter Instruments). Differential interference contrast (DIC) was also available for
transmitted light imaging. The microscope was equipped with both excitation and
emission filter wheels (Lambda 10-3; Sutter Instruments). A Pinkel set consisting
of a beam splitter, single band excitation filters for LY-dex (425nm ± 20 nm) and
AF546-dex (546nm ± 6nm) in the excitation filter wheel, and a single emission
filter (in the beamsplitter cube) optimized for the LY-dex/AF546-dex dye pair
emission (51016m; Chroma) was used for all LY-dex and AF546-dex imaging
experiments. pH imaging experiments used a Pinkel set optimized for FITC-dex
consisting of a beam splitter, single-band excitation filters (440nm ± 10nm and
495nm ± 5nm) in the excitation filter wheel, and a single emission filter (535nm ±
13nm) in the beam splitter cube (Chroma). Finally, an Orca-ER CCD
(Hamamatsu) was used for image acquisition. Control of all microscope
components and all image processing was performed using Slidebook 4.2
(Intelligent Imaging Innovations).
The method used for measuring observed membrane permeability (Po) of
lysosomes in intact cells was reported previously.23 Briefly, a superfusion system
consisting of a programmable syringe pump (Hamilton) and a 360 µm diameter
polyimide needle mounted on a micromanipulator was used to generate high
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local concentrations of RB-D2O near the needle tip. Using this setup, water
exchange was monitored by measuring the fluorescence of LY-dex and AF546dex during superfusion with RB-H2O or RB-D2O. Cells were maintained at 32°C
in an open imaging chamber (Warner Instruments). A 40 frame/sec acquisition
rate with a 5-8 ms integration time was used during all superfusion experiments.
Time-lapse imaging of cells loaded with LY-dex and AF546-dex or cells loaded
with FITC-Dex were performed in an open temperature-controlled imaging
chamber (Warner Instruments) at 37°C in RB-H 2O or RB-D2O. Acquisitions of
one frame per min with 50-100 ms integration times were used during the timelapse imaging experiments. For experiments where cells were permeabilized
with digitonin, the reagent was added at the indicated time to a final
concentration of 20 µg/mL
All images were processed by first subtracting the dark current for the
CCD then corrected for shading using the methodology described by Burkhardt
et al.30 A threshold mask was applied to labeled lysosomes in all images using
the AF546-dex channel and the average intensities from the fluorescence
channels of each object was exported to a spreadsheet for further analysis. For
superfusion experiments, the average intensities of each lysosomal object were
fitted to a single exponential model using non-linear least-squares regression in
SigmaPlot (Systat) to extract the rate constant (k).
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3.3 RESULTS AND DISCUSSION
Previously, we described a ratiometric fluorescent probe to measure water
transport across endocytic organelle membranes of intact cells. Using a mixture
of Lucifer yellow (LY-dex), a fluorescent dye sensitive to D2O concentration
(v/v%), and Alexa fluor 546 dextran (AF546-dex), a dye insensitive to changes in
D2O concentration (v/v%), allowed quantitative measurement of observed water
transport in CHO-K1 cell lysosomes.23 The rationale is straightforward. When
organelles loaded with LY-dex in buffers prepared in H2O are superfused with an
isosmotic solution containing up to 90% (v/v) D2O, transport of the D2O across
plasma membrane and intracellular membranes results in changes to the
observed LY-dex signal intensity that corresponds to transport of D2O from the
extracellular solution across plasma membrane, through the cytosol, and then
across organelle membranes. The experiment can also be carried out in reverse
where cells are initially incubated in solutions prepared using D2O and are rapidly
superfused with buffers prepared in H2O. The addition of AF546-dex creates an
internal reference that can be used as a control for the effects of bleaching,
variations in excitation power, and pathlength, as well as changes in fluorophore
concentration caused by shrinking or swelling as water enters or leaves the
organelle.
As shown in Figure 3.1, fluorescence images of J774A.1 cells
demonstrate that dye signal is localized in vacuolar compartments, dextrans are
one of the most investigated carriers in endocytosis and it is well known that after
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prolonger chase of cells (≥ 2 hours) the pinocytoced dextran is delivered to late
endosomes and lysosomes.

31-34

The fluorescence intensity is appreciably lower

in 100% H2O (Figure 3.1A), relative to 90% D2O (Figure 3.1B) while the AF546dex intensity (3.1C and D) remains unchanged.

The LY-dex/AF546-dex

excitation ratios obtained from LY-dex and AF546-dex images changes linearly
with extracellular D2O composition (v/v %) for J774A.1 cells loaded with this dye
pair (Figure 3.1E). Hence, the LY-dex/AF546-dex probe responds to D2O or H2O
exchange across the intracellular membranes.

Previously reported results in

CHO-K1 cells also indicate that water transport across lysosomal membranes
occurs in the absence of noticeable volume changes, and does not require an
osmotic gradient to be observed.23

3.3.1 Calibration of fluorescent probe response for measuring water
transport across membranes of intracellular organelles
To fully calibrate the LY-dex/AF546-dex ratios, the probe response must
be quantitatively related to solution composition via a calibration curve. Unlike
existing methods to determine water flux, a calibrated LY-dex/AF546-dex ratio
would allow probe response to be interpreted in terms of percentage H2O (v/v) for
individual organelles.

Again, Figure 3.1E demonstrates that the probe ratio

varies linearly with D2O concentration (v/v %) in live J774A.1 cells. However, we
have observed that the slope, and hence sensitivity, of the LY-dex/AF546-dex
probe to % D2O (v/v) is approximately 20% smaller in J774A.1 cells than is
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observed in vitro (mJ774.A1 = 0.0032 ± 0.0003; min vitro = 0.0040 ± 0.0004). Thus,
probe response to changes in extracellular D2O concentration (v/v %) is reduced
within cells.

A similar reduction in sensitivity was also observed in CHO-K1

A

Intensity Ratio (ILY-dex/IALF-dex)

cells.23

B
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D
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Figure3.1. Labeling of lysosomal compartments of J774.A1 cells and ex vivo calibration
curve. A) Lysosomes labeled with LY dex in RB 100% H2O, and B) in 90% RB D2O. C) and D)
AF546 dex fluorescence intensity does not change appreciably in 100% H2O RB and in 90% D2O
RB D) Intensity ratio (ILYdex/IAF546

dex)

changes linearly with extracellular v/v% D2O. Error bars:

s.e.m. n=8.

Changes in the observed response of other fluorescent probes within
cells, relevant to their in vitro behavior, have been described previously.35, 36 It is
possible that the observed changes in probe behavior within cells could reflect
diminished probe sensitivity in the context of the intracellular environment inside
the cell, including binding to intracellular proteins.
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However, we have

demonstrated convincingly that the LY-dex/AF546-dex probe sensitivity is
unaffected by protein concentration, salt concentration, or pH,

23

which argues

against solution conditions as the primary source of the reduced sensitivity. An
alternative hypothesis is that the cell regulates water exchange across these
organelle membranes and prevents the full exchange solvent versus the
extracellular environment. If reduced probe sensitivity reflects a regulated
physiological process, then complete solvent exchange between the extracellular
solution and the lysosome will not occur and the percent extracellular D2O (v/v) in
Figure 3.1E cannot be used to calibrate intralysosomal probe response. This
hypothesis can be resolved by the development of an alternative calibration
method that would pharmacologically impose increased exchange between the
lysosome and the extracellular solution and can be used to generate a more
appropriate intracellular calibration curve under the new open equilibrium
condition for measurement of water transport across intracellular organelle
membranes.
Here we describe a series of experiments designed using the following
premise: if cell regulatory processes affect how much water is exchanged into the
lysosome, then solutions inside the lysosome will not reach the D2O (v/v %)
concentrations observed outside the cell, and smaller probe ratios will be
observed in the cell than those predicted by in vitro measurements. However, if
free equilibrium can be artificially established with the external solution, D2O
concentrations in the lysosome should rise, along with corresponding changes in
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the observed LY-dex/AF546-dex ratio. Rising probe ratios under such conditions
would be proof-of-principle that a mechanism for cellular control of water flux into
the lysosomes is possible. Hence, we searched for a method that would gently
permeabilize the cells and prompt complete water exchange between lysosomes
and the extracellular solution yet not allow our 10,000 MW fluorescent probe
mixture to leak out of the lysosomal compartment.

3.3.2 Use of digitonin to permeabilize lysosomal membranes and establish
free exchange with extracellular solution
Digitonin increases membrane permeability by the formation of pore-like
complexes within cells, promoting an open equilibrium across membranes.
Digitonin has been used as a non-selective agent for calibration of the response
of ion sensors under the intracellular environment.37

If cellular control

mechanisms exist that are responsible for reduced probe sensitivity within
lysosomes, then using digitonin to permeabilize cells would prompt open
equilibrium with the external solution and cause the LY-dex/AF546-dex ratio to
rise in the presence of extracellular solutions prepared in D2O. On the other
hand, a probe response that is unchanged by digitonin addition would suggest
that open equilibrium with the extracellular solution existed prior to cell
permeabilization and that lower apparent probe response resulted from reduced
sensitivity under intracellular solution conditions.
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Although digitonin is commonly used to permeabilize plasma membrane,
we did not know its specific efficacy for lysosomal membranes.

Our model

system to determine appropriate digitonin dosage was the well-studied pH
behavior of lysosomes, which maintain lysosomal pH at low levels (pH ≈ 4.5),
regardless of extracellular and cytosolic pH. Here we demonstrate the ability of
digitonin to prompt water exchange by showing that it effectively raises lysosomal
pH to extracellular levels. Lysosomes loaded with the pH-sensitive dye FITC-dex
were treated with 20 µg/ml digitonin and the change in F495nm/F440nm excitation
ratio was monitored by timelapse imaging. As shown in Figure 3.2A, addition of
digitonin caused the pH of the lysosomal compartments to rise over a period of
ca. 20 minutes based on measurements using the FITC-dex ratio and calibrated
for intracellular measurements using cells treated with a combination of nigericin
and valinomycin. The time course indicates that the lysosomal pH was initially
highly acidic, as expected. However, after addition of digitonin, lysosomal pH
rose from its starting value near 4.5 to 7, a value nearly identical to external
buffer pH. These data demonstrate that digitonin treatment causes lysosomal
solutions to change to match extracellular conditions, indicating open equilibrium
between lysosomes and the extracellular buffer.

Higher digitonin levels

permeabilize the membrane sufficiently such that the 10,000 MW dye-labeled
dextran molecules leak out of the cell which complicates analysis (data not
shown).
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However, examination of individual images shows that digitonin

concentrations used in these experiments do not cause dye leakage out of the
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Figure 3.2 Fluorescein intensity ratio time lapse on cells permabilized with digitonin. (A)
Increase in F495nm/F440nm excitation ratio in lysosomes labeled with FITC-dex and treated with 20
µg/ml digitonin at 10 min (arrow). n= 5 cells. (B) Intralysosomal pH calibration curve, in cells
treated with the ionophores nigericin and valinomycin, shows that fluorescein intensity ratio
increases as the lysosome lumen pH increases, n= 6 cells. (C) Dyes do not leak from the
lysosomes after permeabilization. Error bars represent s.e.m.

3.3.3 Calibrating water exchange in lysosomes with digitonin
If a regulatory mechanism is operating to control water transport across
lysosomal membranes, then addition of digitonin to cells loaded with LY-dex and
AF546-dex will cause the fluorescence ratio to increase inside lysosomes for
cells incubated in RB-D2O. Figure 3.3 (squares) shows J774A.1 lysosomes that
were initially incubated in RB-H2O followed by exchange into RB-D2O. Digitonin
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is added at the indicated time point and we observed a ca. 17% increase in LYdex/AF546-dex ratio over 25 minutes (about the same time required for pH to
rise in digitonin permeabilized lysosomes).

Corresponding changes in LY-

dex/AF546-dex ratios were observed when the experiment was performed in
reverse (data not shown) where cells were initially incubated in RB-D2O, then
exchanged into a RB-H2O followed by addition of digitonin. As a control for
digitonin affecting the LY-dex or AF546-dex fluorescence, cells with labeled
lysosomes (LY-dex and AF546-dex) were permeabilized with digitonin without
superfusion of RB-D2O (Figure 3.3; circles). There is no change in fluorescence
observed indicating that digitonin does not affect the fluorescence of LY-dex or
AF546-dex.

This

control

also

demonstrates

the

lack

of

differential

photobleaching affecting the measurement as the ratio is unchanged over the
time course. A second bleaching control was also performed in RB-D2O. In this
case (Figure 3.3; triangles), cells with labeled lysosomes (LY-dex and AF546dex) were incubated in RB-D2O 10 minutes prior to the beginning of the time
course and throughout acquisition of all images (no digitonin was added). Again,
there was no increase in fluorescence despite the long equilibration time as well
as no significant photobleaching observed. These experiments establish that in
the absence of pharmacological membrane permeabilization, solutions inside the
lysosome do not exchange freely with the extracellular solutions, and cellular
control mechanisms likely operate to keep lysosomal D2O concentrations
different than extracellular levels.
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Figure 3.3. Permeabilization of lysosomes labeled with LY Dex and AF546 Dex. Arrows
show the point of the addition of 20 µg/mL digitonin solution. Squares) J774.A1 lysosomes
incubated in 100%H2O RB, buffer was exchanged by 90% D2O RB and 90% D2O RB containing
20 µg/mL digitonin was added at the time point show by the arrow n=13 cells. Triangles) Control
experiment; cells incubated 10 min in 90% D2O RB, no addition of digitonin n=5 cells. Circles)
Cells incubated in 100% H2O RB, addition of 20 µg/mL digitonin in 100% H2O at the time point
show by the arrow n=8 cells. Error bars represent s.e.m.

Using pre- (cells in RB) and post-digitonin (final points after digitonin
addition) conditions as a two-point calibration of the LY-dex/AF546-dex ratio,
similar to that used for intracellular Ca2+ calibration, 38 a quantitative calibration of
intralysosomal probe response was obtained.

Using this calibration, we

observed that 67 - 69% of lysosomal water was exchanged with the extracellular
solution at equilibrium (Figure 3.4). Presumably, the remaining water is retained
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in the lysosome by an unspecified regulatory mechanism, which could include
aquaporin proteins in the lysosomal membrane.24
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Figure 3.4. Intracellular calibration of LY Dex/AF546 Dex probe. Correlation of the changes in
v/v % D2O in the intralysosomal environment under equilibrium conditions and after
farmacological membrane permeabilization. Arrow, addition of 20 µg/mL digitonin n= 13 cells.
Error bars represent s.e.m.

3.4 CONCLUSIONS
This application of our LY-dex/AF546-dex D2O-sensitive probe for
measurement of water transport across intracellular membranes demonstrates
that quantitative measurements of water exchange can be made in organelles of
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intact cells unlike other methods for analysis of water transport. We have applied
them to equilibrium measurements here, but could be extended to kinetic
measurements of membrane permeability. We have shown that digitonin is an
effective reagent to calibrate this ratiometric probe as it effectively allows free
exchange of solvent across plasma and organelle membranes and does not
perturb LY-dex or AF546-dex fluorescence. Finally, we have observed that water
is not completely exchanged across J774A.1 lysosomal membranes, the
observation indicated the likely presence of a cellular mechanism for regulation
of water transport across these intracellular membranes. As a quantitative probe
of water transport in subcellular compartments, it is our expectation that the LYdex/AF546-dex probe can be applied to provide greater understanding of a range
of biological processes involving water.
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CHAPTER FOUR
OBSERVATION OF CHANGES OF WATER PERMEABILITY IN
SUBCELLULAR ORGANELLES OF J774.A1 MACROPHAGES
Manuscript in preparation
4.1 INTRODUCTION
Macropinosomes are vacuolar organelles formed by invagination of
plasma membrane during actin-mediated ruffling.

Unlike phagocytosis,

macropinosome formation is not receptor mediated.

Instead, activation of

receptor tyrosine kinases causes increased actin polymerization at the cell
surface.

1

The resulting circular cytoplasmic extensions, or “cups”, can close to

create large fluid filled vacuoles (up to 5 µm in diameter).
macropinosomes

resemble

their

component

parts;

the

2

Newly-formed

macropinosomal

membrane is derived from plasma membrane, while the lumenal solution is taken
from the extracellular fluid. However, a series of maturation processes rapidly
alters the macropinosome. The vacuole shrinks over time, presumably by loss of
significant quantities of water. There is a progressive decrease in luminal pH, as
vacuolar H+-ATPase (V-ATPase) translocates protons across the endocytic
membranes.

3

Various proteins are trafficked into, and sometimes out of, the

macropinosomal membrane, including transferrin receptor, Rab 7, and lysosomal
glucoprotein A.

4

Finally, over the course of macropinosome maturation, the

macropinosomes move from the cell margins to the interior of the cell, towards
the nucleus. The ultimate fate of mature macropinosomes depends on cell type;
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in dendritic and macrophage cells, macropinosomes ultimately fuse with
lysosomes,

1, 4

while macropinosomes in HT1080 fibrosarcoma cells are recycled

to the cell surface plasma membrane. 5
Regardless of outcome, macropinocytosis functions as part of the innate
immune system. For example, macrophage and dendritic cells have a high level
of macropinocytosis under resting conditions, and internalize large quantities of
extracellular solution, including soluble antigens, which are subsequently
displayed on both class I and class II major histocompatibility complex (MHC)
molecules.

6, 7

Hence, these cells use macropinocytosis as a mechanism for

sampling the antigenic contents of the extracellular space, with accompanying
upregulation of immune response.
Several pathogens have evolved to infect cells via macropinocytosis, and
to survive within the resulting macropinosomes. For example, Mycobacterium
tuberculosis,8

Brucella9

and

Salmonella

typhimurium10

stimulate

macropinocytosis and/or cell-surface ruffling to allow their entry into target cells.
HIV,

11

human adenovirus,

12

and prion proteins

13

also use macropinocytosis to

promote infection. Notably, once enclosed in the newly formed macropinosome,
pathogens

which

replicate

in

the

macropinocytic maturation to survive.

macropinosome must
7

halt

or slow

As a result, insight into the processes

operating during normal macropinosomal maturation is necessary to elucidate
possible mechanisms for pathogenesis.
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We have recently introduced a method for measuring water flux into the
endocytic organelles within live cells.

The probe is based on the deuterium

sensitivity of Lucifer Yellow dextran (LY-dex). LY-dex shows a two-fold increase
in fluorescence in the presence of deuterium. In these experiments, cells pulseloaded with LY-dex are rapidly superfused with D2O-containing buffer. As the
D2O first crosses the plasma membrane, traverses the cytosol, and eventually
crosses the organellar membrane into the labeled endocytic organelle, the LYdex signal inside the organelle increases in response to the influx of D2O, as
recorded by rapid timelapse images. The rate of signal increase, together with
the imaged cross-sectional area of the organelle yields the observed permeability
constant, a value that represents the rate of water influx. Unlike other analytic
methods to measure water transport,

14-20 21 22

the LY-dex probe can be used to

measure water transport in the intracellular organelles in live cells. We have
previously used a LY-dex probe to measure the water permeability of mature
lysosomes in both J774 and CHO cells.

Here we report time course

measurements of the water permeability of macropinosomes in J774A.1 cells
during macropinosome maturation. The resulting data provide insight into water
transport processes occurring in macropinosomes and lysosomes.
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4.2 MATERIALS AND METHODS
4.2.1 Reagents and Buffers
LY-dex was obtained from Invitrogen and used as received. D2O (99%)
was obtained from Cambridge Isotope Laboratories. All other reagents were
obtained from Fisher Scientific or VWR and used as received. All experiments
were performed in Ringer’s Buffer (RB; 155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1
mM MgCl2, 2 mM NaH2PO4, 10 mM glucose, 10 mM HEPES, pH 7.2) prepared in
either H2O (RB) or D2O (DRB). For all solutions, pH was adjusted to 7.2 (pH in
DRB was corrected by 0.41 pH units).23 Additionally, DRB was adjusted to
conductivity equal to RB with NaCl to account for osmotic differences between
RB and DRB. pH calibration images were acquired using Calibration Buffer (CB;
15 mM HEPES, 15 mM MES, 150 nM KCl, variable pH).

4.2.2 Buffer Exchange via Superfusion
A superfusion system consisting of a programmable syringe pump
(Hamilton) and a 360 µm diameter polyimide needle mounted on a
micromanipulator was used to generate high local concentrations of DRB near
the needle tip. By locating the needle tip in close proximity to the cell surface
prior to superfusion, the solution surrounding individual cells could be rapidly
exchanged. We have demonstrated that buffer exchange in this system occurs
with a time constant of ca. 50 ms.

87

4.2.3 Cell Culture and Label
J774A.1 cells were grown at 37°C with 5% CO 2 in DMEM (Mediatech)
supplemented with 2mM L-glutamine, 10% heat-inactivated fetal bovine serum,
and 1 mg/mL penicillin-streptomycin (Hyclone). Cells were plated on 35mm
glass-bottom dishes or on 25mm coverslips in 6-well plates at 50,000 cells/dish
the day prior to the experiments. For lysosome experiments, cells were loaded
with solutions of LY-dex (5 µM) and AF546-dex (0.42 µM), or Fluorescein dextran
(FITC-Dex; 1 mg/mL) then incubated overnight. The next day, the cells were
washed at least 3X in media followed by a >2 h chase to ensure trafficking to
lysosomes. Cells were washed 3-5X in RB prior to imaging. For macropinosome
water permeability experiments, cells were pulsed with 50 µM LY-dex and
AF546-dex or 50 µM Texas Red dextran (TR-Dex) in the presence of 100 ng/mL
M-CSF in DMEM for three minutes to stimulate cell ruffling, and then cells were
rapidly washed with RB.

4.2.4 Fluorescence Microscopy
All fluorescence images were acquired with an inverted fluorescence
microscope (Olympus IX71) equipped with fluorescence excitation from a 300W
Xe arc lamp coupled to the microscope via a liquid light guide (Sutter
Instruments). Differential interference contrast (DIC) was used for transmitted
light imaging. The microscope was equipped with both excitation and emission
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filter wheels (Sutter Instruments).

For all LY-dex and AF546-dex imaging

experiments, a Pinkel set consisting of a beam splitter, single band excitation
filters in the excitation filter wheel (λex = 425 nm / 40 nm bandpass for LY-dex
and λex = 546 nm / 12 nm bandpass for AF546-dex and TR-dex) and an emission
filter in the filter cube optimized to collect emission of the LY-dex/AF546-dex dye
pair (Chroma; 51016M ) was used. In this apparatus, the emission signal of the
two dyes is collected over the same wavelength range; however, because the
dyes are excited individually, the collected emission can be ascribed to a single
dye. A Pinkel set was also used for FITC-dex ratiometric pH imaging. Here,
single channel excitation filters (λex = 440 nm / 20 nm band pass; λex = 495 nm /
10 nm band pass) and a single emitter (λem = 535 nm / 25 nm band pass) were
used together with an optimized beamsplitter (Chroma). Finally, an Orca-ER
CCD (Hamamatsu) was used for image acquisition. Control of all microscope
components and all image processing utilized Slidebook 4.2 (Intelligent Imaging
Innovations).
An open temperature controlled imaging chamber (Warner Instruments)
was used for all microscopy experiments at the specified temperature. A 40
frame/sec acquisition rate with a 5-8 ms integration time was used during all
superfusion experiments. A reference AF546-dex image was obtained first to
provide a threshold mask covering the organelle area, and was followed by a
series of LY-dex images at various time points. In this case, AF546-dex was
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used as an internal standard, because it can be co-loaded with LY-dex yet does
not affect LY-dex emission. It is also not sensitive to D2O concentration. Images
were processed by first subtracting the dark current for the CCD followed by a
background subtraction of the average intensity from a cell-free region of the
images. Images were corrected for shading using the methodology described by
Burkhardt et al.24 A threshold mask covering the organelle area obtained from
the image acquired in the AF546-dex excitation channel, and was subsequently
applied to all LY-dex images to calculate average signal intensity within that
mask (i.e. for each relevant organelle). Average intensities of LY-dex for each
organelle were exported to a spreadsheet for further analysis.

4.2.5 Water permeability measurements
For lysosomal water permeability measurements, labeled cells were
imaged immediately following superfusion into DRB, using the imaging protocol
described above.

LY-dex intensities in each lysosome were obtained from

individual images at specific time points. Plots of LY-dex intensity as a function
of time were fitted to a single exponential model using non-linear least-squares
regression in SigmaPlot (Systat) to extract the time constant (τ). The observed
lysosomal water permeability coefficients (Po) were calculated using Equation
1,16 which defines the permeability in the absence of volume changes induced by
an osmotic gradient:
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P 




(Equation 1)

where τ is the exchange time, V is the lysosome volume and A is the surface
area. Lysomal surface area was obtained from the threshold mask covering the
lysosome area in the initial AF546-dex image.

Lysosomal volumes were

calculated from the measured two-dimensional surface area of the mask,
assuming a spherical shape. In chapter 2, we showed that the assumptions
regarding calculation of organelle surface area and volume were in good
agreement (± 10%) with those calculated from a 3-D image reconstruction of
labeled lysosomes. In these studies, we used the sphere assumption for
calculation of all surface areas and volumes.
For macropinosomal water permeability measurements, cells underwent a
short (3min) pulse with LY-dex, and were quickly washed and chased with RB as
described above. Cells were superfused into DRB concomitant with rapid image
acquisition. For each superfusion, LY-dex intensities in each macropinosome
were obtained from timelapse LY-dex images, as for lysosome measurements.
Following influx of D2O into macropinosomes, cells were exchanged back in to
RB via aspiration and allowed to equilibrate briefly (less than 1 minute) before the
subsequent superfusion into DRB.

Rate constants were extracted from non-

linear least squares regression fits of single exponential kinetics to plots of LYdex intensity as a function of time for each D2O exchange. Macropinosome
volumes were calculated from the measured surface area of the threshold mask
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of the initial AF546-dex image for each D2O exchange, assuming a spherical
shape.

Although macropinosomes shrink over a period of 20 minutes, no

significant change in surface area was observable due to the short duration of
each superfusion (≈ 1s) making use of a single surface area measurement
appropriate here. The observed water permeability coefficients (Po) over the
course of each D2O exchange were calculated using Equation 1, above.

4.2.6 Manipulation and measurement of lysosomal pH
The lysosomal pH was increased using either 500 nM Bafilomycin A1 or
10 mM NH4Cl. Cells treated with Bafilomycin A1 were incubated for 30 min
DMEM prior to imaging.

Cells treated with 10 mM NH4Cl were incubated

immediately prior to imaging in RB. In this case, NH4Cl was maintained at 10
mM throughout the imaging experiments. Treated cells were mounted in the
imaging chamber and lysosomal water permeability was measured as described
above.
Measurement of the lysosomal pH took advantage of the pH-dependence
of FITC-dex using a previously reported method.25, 26 Briefly, FITC-dex excitation
ratios were calibrated using CB adjusted to pH 4.5, 5.5, and 7.5 in the presence
of 10 nM nigericin and valinomycin for 15 min; images of the pH clamped cells at
each pH were obtained. FITC-dex ratios were used to construct a three-point

92

calibration curve relating the fluorescence ratio of FITC-dex to intralysosomal pH.
The calibration data was fitted to a line using linear regression.

4.3 RESULTS AND DISCUSSION
4.3.1 Water permeability can be measured for individual macropinosomes.
To investigate the water flux for individual macropinosomes during normal
maturation, we utilized the known D2O-sensitive fluorescence of LY-dex.
Macropinosomes pulse-labeled using M-CSF, LY-dex, and an accompanying
D2O-insensitive internal reference dye, AF546-dex.

After a short pulse, cells

were washed and chased with RB and then superfused with DRB. Rapid time
lapse imaging of LY-dex labeled macropinosomes were acquired during
superfusion to track D2O influx into individual organelles.

Figure 5.1 shows

images of a representative macropinosome at several time points during
superfusion with DRB. Changes in the LY-dex intensity are observed over time,
while AF546-dex intensity remains constant.
Figure 4.2 shows a trace of LY-dex intensities over time in an individual
macropinosome following DRB superfusion.

We observed that the LY-dex

fluorescence increases significantly during DRB superfusion before arriving at a
steady state albeit at a higher intensity. Comparable data obtained for AF546dex, which does not show any sensitivity to D2O, does not show an increase in
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signal during a similar DRB superfusion. Hence, LY-dex is responding to D2O
entry into the macropinosome.

A

B

C

D

E

F

G

H

Figure 4.1. Imaging of D2O exchange into macropinosomes in J774. A1 cells. Macrophages
were pulse at 30°C with a mixture of 50 µM LY-dex , 50 µM AF546-dex and 100 ng/mL M-CSF
in DMEM for three minutes. A - D show the variation in LY intensity during a superperfusion
experiment in macropinosomes after 7 min of formation. G-H shows no variation in AF546-dex
during an independent superfusion experiment after 20 min of macorpinosome formation.

Extraction of the rate constant (k) and exchange time (1/k or τ) from the
LY-dex kinetic transient, together with macropinosomal surface area and volume,
allows calculation of an observed permeability constant, a relative value that here
represents the rate of water transport into the macropinosome. For the data set
shown in Figure 4.2, the observed permeability constant is 9.16 x 10-4 cm/sec.
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Figure 4.2. Time course of LY Dex and AF546 Dex intensity during superfusion
experiments at 30°C. Circles show changes in LY-dex

in macropinosomes after 7 min of

formation. Triangles, AF546 dex intensity time course during a superperfusion experiment in the
same macropinosome after 20 min of formation. AF546 dex. AF546 dex worked as a control to
check the absence of artifactual response in the system.

Permeability constants have been measured for a variety of cell types and
tissues.

14, 27-32

When obtained under an imposed osmotic gradient, the

permeability constant is denoted Pf. When measured in isosmotic conditions, the
permeability constant is denoted Pd.

Although obtained under isosmotic

conditions, the permeability value we have measured is not, strictly speaking, a
true Pd value.

Both Pf and Pd measurements focus exclusively on the

characteristics of a single membrane itself, in principle separated from other
variables that would affect water transport, including non-laminar flow of water
95

through membrane pores because of unstirred layer effects, molecular crowding,
or other conditions that might normally operate during water transport in vivo.33
In contrast, the permeability value we measure describes the rate at which water
travels from the extracellular space through the plasma membrane, through the
cytosol, and across macropinosomal membranes into the lumen of the organelle,
and necessarily includes all variables affecting that flow.

We denote our

permeability measurements “Po”, where the subscript denotes “operational” or
“observed” water permeability.

We have previously demonstrated that water

transport through the plasma membrane is too fast for us measure under the
conditions of our experiments; the rate of D2O entry into the cytosol is at least as
fast as the rate of buffer superfusion. As a result, the significant contributor to Po
is the rate of water entry from the cytosol to the interior of the organelle.
The macropinosome superfusion experiments showed here measure the
influx of D2O into macropinosomes.

It can be argued that because of

macropinosomal shrinkage occurring with maturation, it is the rate of water efflux
that is most relevant.

However, over the course of a single permeability

measurement (≈1s), macropinosomal volume does not change perceptibly,
indicating that an approximate steady state equilibrium exists in which the rate of
water efflux closely approximates water influx. Hence, individual permeability
measurements reflect the rate of water transport both into, and out of, the
macropinosome.
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4.3.2 A time course of observed macropinosome water permeability
To track macropinosomal membrane permeability over the course of
compartment maturation, we measured macropinosomal water permeability over
a period of approximately 25 minutes. Cells pulse-labeled by incubation with LYdex, AF546-dex, and M-CSF were used to make individual measurements of
macropinosome Po as described above. This was followed by repeated rounds
of macropinosome Po measurements at different time points.

A total of 15

macropinosome Po measurements were acquired at each time point at 30°C
shown in Figure 4.3. This figure shows measured Po values as a function of time
for J774A.1 macropinosomes. While at the early time points, Po shows small
increases relative to the starting value, Po rises significantly at later time points.
These data demonstrate that macropinosomal water permeability increases in a
non-linear fashion. After ca. 25 minutes, LY-dex signal in the macropinosomes
disappear, presumably caused by fusion with the larger lysosomal compartment.
To correlate observed increases in macropinosomal water permeability
with concomitant changes in macropinosome volume, we measured the surface
area of an individual macropinosome under the same conditions as the Po
measurements. In this case, cells were pulse-labeled with TR-dex and M-CSF
and macropinosomal surface areas were measured from time lapse images.
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17-18 min (n=5 cells), 19 min (n=5 cells), 23 min (n=1 cell), 25 min (n=4 cells), ntotal =15 cells.
Lysosomal Po at 20°C (solid line) and s.e.m.(dashed lines) n=62 cells

Figure 4.4 shows that macropinosomal surface area falls quickly over the
early time points, but then the rate of macropinosomal shrinkage slows after ca.
15 minutes. Notably, the rate of volume change follows a dramatically different
trend than the rate of permeability change, suggesting that increases in water
permeability are not directly tied to changes in macropinosomal volume. Instead,
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as changes in macropinosomal volume slow, Po increased. This result suggests
that over the course of macropinosomal lifetime, either changes in membrane
composition or the modulation of the activity of individual proteins allow the rate
of water transport to rise, independent of volume changes.
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Figure 4.4. Macropinosome surface area decreased over time. Macropinosome formation
was stimulated at 30°C by the addition of M-CSF (10 0 ng/mL ) to a solution of TR-dex(50 µM).
Area was determined from the application of a threshold mask in the macropinosome images.

Changes in the protein trafficking of macropinsomes as they mature are
well established. For example, levels of the endocytic vesicle membrane protein
Igp-A go up dramatically, while levels of Rab7 rise and then fall as the
macropinosome matures.
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4

While initial macropinosomal membrane composition

resembles the plasma membrane, cellular trafficking allows the membrane
composition to change over time to resemble other late endosomes, ultimately
resembling the lysosomal membrane before final fusion with the lysosome.
Hence, changes in water permeability over time imply that high rates of water flux
observed for mature macropinosomes may resemble those found in the
lysosomes.

To compare the macropinosomal Po with lysosomal values, we

measured the water permeability of mature lysosomes in J774A.1 cells.
Resulting values are shown to compared macropinosomal values in Figure 4.4
(solid line) s.e.m. (dashed line). Lysosomal Po are indeed high and similar to
those measured in macropinosomes at late time points.
It is notable that of the highest observed Po corresponds to lysosomes,
whose volumes are relatively static. This observation contradicts the prevailing
assumption that water transport is primarily important as a mechanism for
alteration of vacuolar or cellular volume. Instead, these data suggests that water
circulates independent of volume changes, and that specific levels of water flux
are fundamental characteristics of individual stages in organelle maturation and
function.
4.3.3 pH sensitivity of lysosomal water permeability
While trafficking of water channel-forming proteins such as aquaporins to
the maturing macropinosome could explain the rise in observed permeability, it is
alternatively possible that changes in the lumenal environment of the
macropinosome during maturation could affect the activity of specific water100

channel forming proteins present in the macropinosomal membrane or it could be
also possible that H+-ATPase units recruited on their membranes during
maturation

34, 35

participate in water transport. Hence, if proteins responsible for

water transport in macropinosomes and lysosomes were pH-sensitive, then
decreases in pH in the macropinosome could also prompt the observed increase
in water flux. To investigate a possible link between organelle pH and water
transport, we investigated the pH-dependence of lysosomal water permeability.
Two sets of experiments were performed. In the first experiments, cells loaded
with LY-dex and AF546-dex were treated with Bafilomycin A1, and the lysosomal
Bafilomycin A1 is a specific inhibitor of H+-

water permeability measured.

ATPase, and prevents the protein from actively transporting protons across the
lysosomal membrane, resulting in significant increases in lysosomal pH, to near
neutral values (pH 7.0). As shown in Figure 4.5, addition of Bafilomycin A1
raised the resulted in a five-fold reduction in lysosomal Po. This result suggested
that the process responsible for water transport in lysosomes is tied to the action
of the H+-ATPase, either as a response to induced bulk pH changes, or because
the protein itself is involved in water transport. The second set of experiments
was designed to separate the role of bulk pH from the action of H+-ATPase. In
this case, cells loaded with LY-dex and AF546-dex were treated with NH4Cl,
which rapidly raises intralysosomal pH
without affecting H+-ATPase.
lysosomal
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water

40

permeability

36, 37

levels to approximately 6.5-6.838,
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As shown in Figure 4.5, the reduction in
induced

by

treatment

with

NH4Cl

was

indistinguishable from the Po for lysosomes treated with Bafilomycin A1. Hence,
while lysosomal water permeability is sharply dependent on lysosomal pH, the
effect is prompted by bulk solution pH rather than the specific action of the H+ATPase. Involvement of H+-ATPases in water transport has been proposed for
vacuolar systems in Paramecium and Dictyostelium,

41

but is not suggested by

the data in this caase.
Measurement of lysosomal pH in cells treated with NH4Cl or Bafilomycin
A1 indicate that under the conditions used in these experiments, both
compounds raised the intralysosomal pH to near neutral values (ca. pH 7.2). To
further investigate the connection between vacuolar pH and water transport,
lysosomal Po values in the presence of Bafilomycin A1 and NH4Cl were
compared to those for early macropinosomes, whose lumenal contents are
expected to still resemble extracellular fluid, including relatively high (near
neutral) pH values.

We observed that Po for early macropinosomes are

indistinguishable from those for lysosomes at elevated pH. These data imply a
strong causative link between organellar pH and water transport and suggest that
for macropinosomes, increases in the rate of water transport observed during
macropinosome maturation may be induced by concomitant pH changes.
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Figure 4.5 Po values in lysosomes decreases with the increase of lysosomal pH. Po was
measured in lysosomes at 20°C. Manipulation of the lysosomal pH with NH4Cl or Bafilomycin
results in a decrease of Po to early macropinosome values (n=10 cells)

The mechanism of the pH dependence of water transport is unclear. A
variety of proteins responsible for water transport have been characterized,
including aquaporin proteins 1-10, some of which may be pH sensitive

42, 43

Modulation of aquaporin activity by pH could therefore be possible. It is also
possible that pH changes may not alter water transport directly. Measurements
of the calcium concentration in the lysosomes of bone marrow macrophage cells
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demonstrate that lysosomal calcium concentrations are also strongly linked to
pH. Hence, it is possible that hydrogen ion concentrations could induce water
permeability changes indirectly, via changes in calcium concentration or some
other molecule.

4.4 CONCLUSION
Labeling endocytic organelles with LY-dex and AF546-dex has allowed
measurement of water permeability in J774A.1 macropinosomes over the course
of normal macropinosomal maturation. These values demonstrate that water
flow

through

the

vacuolar

membrane

increases

dramatically

as

the

macropinosome ages, with water permeabilities for mature macropinosomes
resembling lysosomal values.

Water permeabilities for macropinosomes are

highest for time points where the rate of volume change is lowest, suggesting
that large amounts of water may circulate in the cell in the absence of changes in
organelle volume. Observed water permeabilities are pH-sensitive; lysosomes in
cells treated with NH4Cl or Bafilomycin A1 to raise lysosomal pH have reduced
permeability values that are similar to those for early macropinosomes. The
mechanism of the observed pH dependence is not established.
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CHAPTER FIVE

ELUCIDATION OF THE MECHANISM OF EXCITED STATE
INTRAMOLECULAR PROTON TRANSFER IN LUCIFER YELLOW AND ANTS
DERIVATIVES
Manuscript in preparation for submission

5.1 INTRODUCTION
Lucifer Yellow and its derivatives are sulfonated 4-aminonaphthalimides
differing in the substituent (R) on the imide nitrogen (Figure 5.1). The
commercially available Lucifer Yellow CH (Table 5.1; compound 1) was originally
synthesized by Stewart in 19811. Since that time LY and its derivatives have
been extensively used as intracellular markers in a variety of biological systems
and applications.2-7 For example LY has been used to study gap junctions, 8 and
for imaging hydrogen peroxide produced in living cells,

9

as protein markers10

and for studies of channel permeabilities. 11
LY and its derivatives exhibit an increase of approximately twice their
fluorescence intensity when they are in D2O solutions as compared to H2O
solutions.

This fact makes them a potentially useful probe for water flux

detection in biological systems. In chapter 2, 3 and 4, we reported the use of LY
as a probe to observe water flux in intracellular organelles.

Related

aminonapthalene sulfonate compounds have also been used to evaluate water
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transport in cells and tissues. For example, 8-aminonaphthalene-1,3,6-trisulfonic
acid (ANTS) has been applied to observe water flux in perfused kidney tubules,
12

intact mouse lung,

artificial liposomes.

15

13

membrane vesicles,

14

and sealed red cell ghosts and

However, the photophysical basis of the observed D2O

sensitivity is not well understood for either LY or ANTS derivatives.

R
O

N

O

O

O

S

S

O

O
NH 2

O

O

Figure 5.1. General structure of Lucifer
Yellow compounds. R substituents used
to generate differential reactivity in LY
compounds.

Several mechanisms for the photophysical behavior of LY and related
derivatives have been proposed.

Yuan and Brown evaluated the solvent-

sensitivity of two LY compounds, compounds 2 and 3, and proposed a
mechanism in which solvent-quenching of the excited state is responsible for the
observed deuterium effect.

16

In this case, the stretching vibrations of solvent

water molecules absorb the excitation energy of the LY, thus quenching the
radiative decay. Since water stretching energies are smaller in D2O than H2O,
differential quenching is observed in deuterated and non-deuterated water, and
observed quantum yields are higher in D2O than H2O. In this model, no detail is
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Table 5.1. Deuterium Isotope effect on the Fluorescence Intensity Ratio of
LY derivatives (Intensity in D2O/Intensity in H2O.
Compound

Structure

NH2

HN

1. LY CH
O

6.

425/542

O

N

2.95

O

2.00

C

HN

Intensity Ratio
Intensity Ratio λabsorp/
Compound Structure D O/ H O
D2 O/ H2 O
λ emission
2
2

433/549 in H2 O
432/548 in D2 O

N
H2 N

O

λabsorp/
λ emission

N
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O

O
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S
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O

O
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S
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O

O

S

S

O

O

O

O
O S O

2.32
O

O
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H
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O
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10.
N

NH 2

NH 2

340/385

O

O

O

O
O

S

S
O

H O
C
S

5. LY VS

O

O

O

S

S
O

1.00

O

9. LY anhy
O

O

440/545

S O
O

425/527.4

O

1.75

NH 2

O

O

428/530

O
O

4. LY Iact

2.00
N

N
H

NH 3

1.74

O

O

(CH 2) 5
N

NHCOCH2I

CH3

O

O
N
H

H

428/536 in H2 O
426/535 in D2 O

O

O
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O

O
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Table 5.1 continuation.

Compound

Structure

11. ANTS

O

Intensity Ratio λabsorp/
D2 O/ H2 O λ emission

O
S O NH2

3.04

O
S
O

S
O

O

356/512

O
O

Compound

1 LY CH

2,3-dihydro-1,3-dioxo-2hydrazinocarbonylamino-1Hbenz[d,e]isoquinoline-5,8disulfonic acid

2 LY en

N-(2-aminoethyl)-4-amino-3,6disulf o-1,8-naphthalimide acid

3 LYbtn

Lucif er Yellow Biotin

4 LY Iact

12

1.00

SO 3

O3S

228/342

5 LY VS
6.

SO 3

7

13.

NH 2

3.04

380/545

Name

8

6-Amino-2,3-dihydro-[2-[2(iodoacetyl)amino]ethyl]-1,3-dioxo
4-Amino-N-(3[vinylsulfonyl]phenyl)naphthalimide3,6-disulf onate dilithium salt
4-Amino-9-(2-N-piperidinoehtyl)-1,8naphthalimide
1H-B enz[de]isoquinoline-5,8disulfonic
acid,
2[(hydrazinylcarbonyl)amino]-2,3dihydro-1,3-dioxo-,
N-(methoxycarbonylamino)-4-amino3,6-naphthalimide

9
LY
anhy

4-amino-3,6-disulf o-1,8-naphthalic
anhydryde

10

1,8-naphthalic anhydride

11 ANTS

8-aminonaphthalene-1,3,6-trisulf onic
acid, disodium salt

12

1,3,6-naphthalenet risulf onate tribasic
hydrate

13

5-Amino-1-naphthalenesulf onic acid

SO 3

In this model, no detail is given about which functional groups give rise to
the fluorescence, although a previous report of the spectroscopic behavior of a
series of related napthylimine compounds synthesized by this same group
ascribes the fluorescence behavior to charge transfer from the napthyl amine to
the carbonyl oxygens. 17
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Furstenberg and Vauthey evaluated two different LY molecules, Lucifer
Yellow ethylenediamine (LYen, compound 2), and Lucifer Yellow biocytin (LYbtn,
compound 3).

10

These authors propose that photoexcitation causes charge

transfer from the amine of the naphthalene ring to the carbonyl oxygens, which is
either coincident with, or followed by, proton transfer from solvent molecules
(ESPT) that quenches the excited state. As early as 1966, Stryer argued that
proton transfer could cause deuterium sensitivity if the compound was
fluorescent before, but not after, excited state proton transfer.

18

In this case, the

fluorescence from the protonated species is modified by the lack of signal from
the non-fluorescent deprotonated species, so that the observed quantum yield is
reduced. Since the isotope effect causes deuterium transfer to be slower than
proton transfer, the compound spends more time as a fluorescent molecule when
the solvent is deuterium, leading to higher observed intensities. Furstenberg and
Vauthey cite increased fluorescent lifetimes in deuterium solutions to support an
ESPT transfer mechanism for LYen and LYbtn.

No additional experimental

evidence is cited to support this model.
Panda et al evaluated Lucifer Yellow carbohydrazine (LY CH, Compound
1) and suggest a similar coupled charge transfer/proton transfer mechanism.
However, the Panda model invokes involvement of different functional groups. In
the Panda model, charge transfer is proposed to occur from the nitrogen on the
alkyl substitutent (R group figure 6.1) to the carbonyl oxygens; quenching of
fluorescence is caused by excited state intramolecular proton transfer (ESIPT)

112

from a labile proton on the alkyl amine to the carbonyl oxygen.19 Presumably the
authors assume that the relevant labile proton on the alkyl amine is deuterated in
D2O solvents, leading to longer lifetimes in deuterium solutions than in H2O; the
authors cite increased fluorescent lifetimes in deuterium solutions to support their
proton transfer mechanism.

Fluorescent lifetimes cannot distinguish between

intramolecular and intermolecular proton transfer, and it is notable that the the
same data is by both Panda and Furstenberg to support two different
mechanisms of proton transfer.
Here we present efforts to illuminate the possible sources of LY D2O
sensitivity, by comparison of a large number of LY derivatives. We present data
on several previously undescribed compounds, as well as include previously
published data. In general terms, our methodology consists in the observation of
the change in the D2O sensitivity of the tested compounds as individual moieties
in the LY skeleton are eliminated systematically. In this way we are able to
determine which group(s) are responsible for the observed D2O photophysical
behavior of LY and its analogs. In addition, we dicuss fluorescence lifetimes of
individual molecules and use the sensitivity of the observed fluorescence on pH
to probe the impact of possible proton transfer on the observed D2O sensitivity.
Results for LY are contrasted with those for aminonapthalene sulfonate
molecules.
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5.2. EXPERIMENTAL SECTION
5.2.1 Materials
ANTS, Lucifer Yellow en, Lucifer Yellow iodoacetamide and Lucifer Yellow
CH were purchased from Molecular probes;1,8-naphthalic anhydride and Lucifer
Yellow VS and Lucifer Yellow anhydride from Aldrich Sigma. Compound 6 (see
Table 5.1) was synthesized and characterized in Dr. Dennis Smith’s group,
Chemistry Department, Clemson University. D2O was purchased from VWR.

5.2.2 Dependence of the fluorescence on pH
21.1 ± 0.1 µM solutions of Lucifer Yellow CH and Lucifer Yellow en were
prepared in H2O and D2O at variable pH values between 1.00 ± 0.02 and 13.55 ±
0.02. The pH values of water and heavy water was adjusted using NaOH (0.0100
± 0.0013 M or 0.108 ± 0.0014 M) and HCl (0.0123 ± 0.0014 M or 0.123 ±
0.0013M). Fluorescence (1 nm step, 2 nm band pass) spectra of each solution
were recorded using a steady-state spectrofluorometer (Photon Technology
International, PTI QuantaMaster). Spectra of the solutions in D2O and H2O at
variable pH values were recorded at their absorption and emission maxima. To
calculate the fluorescence of the compounds in the solutions at the maximum
emission wavelength, the recorded fluorescence emission was integrated ± 2.5
nm around the characteristic emission maxima value.
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5.2.3 Fluorescence lifetime (ττf)
Those compounds whose τf values in H2O and D2O were not found in
literature were evaluated in Dr. McNeil’s group, Clemson University.
Fluorescence lifetimes were measured using the time-correlated singlephoton counting technique (TCSPC). The sample was excited by the second
harmonic (400 nm) of a mode-locked femtosecond Ti:Sapphire laser (Coherent
Mira 9000). The output of a fast PIN diode (Thorlabs, DET210) monitoring the
laser pulse was used as the start pulse for a time-to-amplitude converter (TAC,
Canberra Model 2145). Fluorescence signal from the thin-film sample was
collected in perpendicular to the excitation, passed through a 500 nm longpass
filter, and detected by a single photon counting module (id Quantique, ID100-50).
The output of the detector was used as the stop pulse for the TAC. The laser was
attenuated to maintain the count rate below 20 kHz. The signal from the TAC
was digitized using a multichannel analyzer (FastComTec, MCA-3A). The
instrument response function was measured before and after each fluorescence
lifetime measurement using the scattered laser light from a dilute suspension of
polystyrene beads. The combination of the detector and electronics results in an
instrument response function with a width of ~ 60 ps (FWHM). A custom software
employing an iterative deconvolution method yields an estimated uncertainty in
lifetime of 20 ps or better. For all the compounds, the observed decays were
analyzed as a single exponential function as:
I(t) = B exp(-t/τf)
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where τf is the fluorescence lifetime of the dye and B the pre-exponential factor.

5.2.4 Molecular modeling calculations.
Geometry optimization has carried out for ANTS (compound 10, Table
5.1) in the ground state using Jaguar 4.0, Schrodinger, Inc., Portland, Oregon,
2000. All the calculations were carried out using HF density functional method
and the 6-31G(d,p) basis set; the attention was focused in the calculated N-H
bond lengths, distance between the amino hydrogen and sulfonyl oxygens
(simply referred as H and O respectively), and torsional angles around nitrogen
and the naphthalene ring. The optimization of the excited state geometry was
performed using the configuration of the geometry of the optimized ground state
and the 6-31G(d,p) basis set.

5.3. RESULTS AND DISCUSSION
5.3.1 Contribution of individual functional groups to LY fluorescence and
D2O sensitivity
The different models for LY fluorescence invoke different functional
groups. To unequivocally determine which functional groups are required for
D2O sensitivity, we tested the deuterium sensitivity of a series of LY variants and
related compounds with modifications in the LY skeleton (Table 5.1). Deuterium
sensitivities are roughly equivalent for each of compounds 1-6 which each
contains a different alkyl group (Table 5.1). Compound 9, which lacks the R
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group functionality altogether, also shows deuterium sensitivity. Hence, the R
group does not appear to be involved in the excited state mechanism, and the
mechanism proposed by Panda, which involves charge transfer from the alkyl
amine to the carbonyl followed by intramolecular proton transfer from the amine
to the carbonyl, is not supported by the available data.
Alternate mechanisms put forward by Brown and by Furstenberg both
require charge transfer of electrons from the lone pair of the napthyl amine.
Compound 10 (see Table 5.1) was synthesized in our laboratory and lacks both
the napthyl amine and the adjacent sulfonate moieties. No deuterium sensitivity
is observed for this molecule.

In addition, low fluorescence intensities and

altered absorption and emission spectra imply an alternative mechanism of
excitation for this molecule Figure 5.2 shows a decrease in the absorption
maxima value of compound 10 compared to the values observed in napthyl
amine compounds. In principle, these spectroscopic changes could result from
either the loss of the amine group, or the loss of the sulfonate groups. However,
the presence of the sulfonate group seems to have no effect on the deuterium
sensitivity or the observed spectra, since compound 6 which retains the amino
group and lacks the sulfonyl groups, behaves similarly to other LY variants, albeit
with lower quantum yields.

These results indicate that the amino group is

necessarily involved in the mechanism of LY fluorescence and D2O sensitivity,
while the sulfonate group is not.
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Figure 5.2. Absorption (blue) and emission (pink) spectra of 1,8-naphthalic anhydride.

To further evaluate involvement of the amine group in LY fluorescence, we
measured the fluorescence intensity of LYCH and LYen (compounds 1 and 2) in
H2O and D2O as a function of pH.

Solutions of the dyes in D2O and H2O

adjusted with NaOH or HCl over a pH range of 0.5 to 13.0 were prepared (Figure
5.3). The fluorescence intensity at 530 nm was recorded and plotted against pH.
As shown in Figure 5.3, identical concentrations of dye in H2O and D2O have
markedly different emission intensities. The fluorescence intensities are constant
over the pH range of 0.5 to 10. Above pH 10, the intensities of dyes in both
solutions fall dramatically, reaching zero by pH 12. The midpoint of the loss in
fluorescence observed in Figure 6.3 occurs at approximately pH 11, suggesting a
pKa for a labile proton, presumably on the amine; reported pKa values for
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deprotonation of a neutral amine range from 9-11 for an aliphatic amine, to 11.9
for an unsubsituted 2-aminonapthalene. The pKa of the napthyl amine on LY
and derivatives could be somewhat lower than aminonapthalene, consistent with
the observed pH transition, since the conjugate base of LY derivatives are both
resonance-stabilized and substituted with electron withdrawing groups. Hence,
the observed pH sensitivity is consistent with involvement of the amine group in
the observed fluorescence.

By pH 12, the intensity of the dyes in the two

solvents are both zero. Loss of fluorescence at high pH has been previously
reported for sulfonylnapthylamines after deprotonation of the amine moiety. 20
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Figure 5.3. Fluorescence intensity of 21.1 ± 0.1 µM LY CH solutions at 530 nm as a
function of pH. Filled circles solution in H2O; empty circles solution in D2O. Error bars: stdev
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The requirement for the amine functionality is consistent with both the
competing mechanisms proposed by Brown and by Furstenberg, in which
electrons are transferred from the amine to the carbonyl group after excitation.
Indeed, LY variants show dependence of quantum yields on the dielectric
constant of the solution, consistent with charge transfer occurring in the excited
state. We do not have access to LY variants that lack the carbonyl groups and
are unable to probe the requirement for these moieties directly. However, given
that the carbonyl oxygen is highly electronegative and able to participle in the
conjugation of the naphthalene ring, it is the most probable electron acceptor.
The only other obvious candidate for electron acceptor would be the sulfonate
groups, whose presence is not required for the observed photophysical behavior.
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Figure 5.4. ANTS, arylnaphthalene sulfonates and aminaphthalimide structures. (A) ANTS
and (B) 1,8 arylnaphthalene sulfonate, (C) 1,5 arylnaphthalene sulfonate structures, (C)
aminonaphthalimide.

Charge transfer mechanisms involving aromatic amines are precedented
by a wide range of fluorescent markers, including aminonapthalene and
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arylaminonapthalene sulfonates,

21

and aminopthalimides (Figure 5.4).
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Like

LY, these molecules also manifest higher fluorescence intensities in D2O than
H2O and it is likely that similar excitation and quenching mechanisms are
operating in these different categories of compounds, particularly for the
aminonapthilimides, which retain both the amino and carbonyl functional groups
found in LY.

5.3.2. Possible Mechanisms of LY Isotope Dependence
The functional group requirements for LY photophysical behavior suggest
the involvement of charge transfer from the amine to the carbonyl carbon in the
excited state. However, by itself, this description is not sufficient to rationalize
large differences in fluorescent intensities in H2O and D2O, since neither protons
nor deuterons are initially involved in this process. Since the absorption spectra
of LY derivatives are not deuterium sensitive, while the emission spectra show
pronounced differences in quantum yield, the source of the deuterium sensitivity
must occur after excitation.16 Any excited molecule in the singlet state can relax
by either radiative (i.e. fluorescent) pathways, or by alternative non-radiative
pathways. LY fluorescent lifetimes are longer in D2O than H2O (Table 5.2), and
quantum yields are higher, suggesting that relaxation through a nonradiative
pathway is more efficient in water than in D2O. In other words, water is a more
efficient quencher than is D2O. Up to this point, Brown and Furstenberg agree.
However, they propose different mechanisms for this isotope-dependent

121

relaxation. Brown argues that the non-radiative relaxation occurs as excitation
energy is absorbed by the stretching vibrations of clustered water molecules
(vibrational coupling); the efficiency of relaxation via this nonradiative pathway is
different for the two isotopes, making the observed quantum yield higher in
deuterium. Furstenberg proposes that after charge transfer, proton transfer from
solvent occurs to quench the observed fluorescence.

A third possible

mechanism involves solvent-cage mediated proton transfer from the amine to the
carbonyl oxygen, similar to that proposed by Stryer for 5-aminonapthalene
sulfonate. 18 In this case, deprotonation of the excited state amine would quench
fluorescence.
Table 5.2. τ values for the compounds with differential fluorescence intensity in D2O and
H2O.

Compound

λ abs (nm)

λ fl (nm)

τ fl (ns)/ H2O τfl (ns)/ D2O Reference

H2O/D2O

1 LY CH

425

530/530

5.04

11.47

19

2 LY en

428

530/528

5.7

11.5

10

4 LY Iacet

425

530/530

6.87

14.0

this work

5 LY VS

430

530/530

5.7

14.7

this work

9 LY anhy

440

550/550

1.3

4.1

this work

549/548

2.5

7.3

16

512/512

4.5

1.5

18

433 in water

6

432 in D2O

7 ANTS

356

At first glance, loss of fluorescence for the amide form of LY appears to
suggest proton transfer away from the amine as a quenching mechanism, and
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would be sufficient to explain deuterium sensitivity. However, proton transfer
from an excited amine to the amide as a quenching mechanism should depend
on the protonation of the ground state. An amine should be expected to exist in
the protonated ammonium form at low pH, making formation of the amide in the
excited state more difficult; the degree of fluorescence quenching via amide
formation should be different at pH 1 than at pH 8. However, no difference is
observed between LYCH fluorescence behavior over the range of 0.5 to 9
(Figure 5.3), which argues against proton transfer from the amine as the
mechanism of relaxation.
The existing data for LY and derivatives cannot distinguish between
solvent-mediated relaxation caused by absorption of the excitation energy into
the vibrational stretching of water molecules, and solvent-mediated relaxation
caused by proton transfer to the charged carbonyl moiety.

5.3.3 Contribution of individual functional groups to ANTS D2O sensitivity
We examined versions of the deuterium-sensitive dye 4-aminonapthalene1.3.5-trisulfonic acid (ANTS), compound 11 Table 5.1, which has some structural
similarity to LY.

ANTS lacks the R group and the carbonyl oxygens, but

maintains the sulfate and amine moieties, although the position of the amine
group is altered.

As shown in Table 5.2, ANTS shows among the highest

deuterium sensitivity of the examined compounds.

A version of ANTS that

maintains the sulfates but lacks the amine group (Compound 12 Table 5.1) is not
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deuterium sensitive, while a version that maintains only the amine and a single
sulfate is highly deuterium-sensitive (Compound 13 Table 5.1). Together, these
data suggest that for ANTS, as for LY derivatives, the amine groups are required
for deuterium sensitive emission. Since the ANTS derivatives lack the carbonyl
functional groups, it is possible that for these molecules, charge transfer occurs
from the amino group to the sulfonyl oxygens, rather than the to the carbonyl
oxygens.

5.3.4 Possible Mechanisms of ANTS Isotope Dependence.
At least one of the sulfonate moieties on ANTS is adjacent to the amine
functionality. It is possible that the isotope-sensitive emission observed for ANTS
derivatives is caused by Excited State Intramolecular Proton Transfer (ESIPT)
from the hydrogen in the amine moeity to an oxygen in a sulfate group. The
fluorescence from the protonated species would then be modified by the lack of
signal from the non-fluorescent deprotonated species, and the observed
quantum yield reduced. ESIPT transitions have been observed in a variety of
aromatic

systems

containing

proton

donors

and

acceptors

including

napthylamine sulfonates with different amine connectivities. 23,18, 24-26

5.3.4.1 ANTS molecular optimization
The results obtained from the optimization of ANTS molecular structure
are grouped in the Table 5.3 according to the molecular property of interest.
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Distances between H and vicinal oxygens in the optimized structure are showed
in the Figure 5.5. The estimated distance from H15 to O23 is about 1,743 Å,
which falls into the range of hydrogen bonds (<2.5 Å);27 and it is in agreement
with

intermolecular

hydrogen

bond

distances

reported

for

5-amino-2-

napthalenesulphonic acid,28 naphthalene-1,5-diammonium diiodide dehydrate

29

and naphthalene-1,5-diammonium dichloride 30 which vary between 1.80–2.51 Å,
1.94-2.14 Å, and 2.24-2.80 Å respectively. With base on the presence of proton
donor- proton acceptor groups in ANTS, we can say that there is the chance of
two kind of ESIPTs involving the amine hydrogen:
1. One with the adjacent sulfonyl oxygens which is accelerated by the
presence of a possible intramolecular hydrogen bond.
2. Another with the oxygens in the distant sulfonyls, in which proton transfer
is assisted by the solvent network surrounding the molecule.

(a)

(b)
O25
O27
O17 O19
O26

O18
C10
O22

O24
N11

O23

H15

H16

Figure 5.5. ANTS optimized structure for the singlet state a) Side view b) Frontal view.

125

Given that in D2O the amine hydrogens are replaced by deuterium

31

both

modes of ESIPT are quite retarded because deuterium is heavier than H and NH bond is weaker (bond energy 338,9 kJ/mol) than the N-D bond (bond energy
41,6 kJ/mol). The same isotope effect has been reported for 1-amino-9,10anthraquinones (AAQs) where intramolecular hydrogen bonding has been
experimental and theoretically confirmed. In an analogue situation, the
fluorescence lifetime of AAQ solution in acetonitrile increases by a factor of 5
when the amine hydrogens are replaced by deuterium. 32
Table 5.3 Calculated distances in the optimized geometry of ANTS in the
ground (singlet) state.
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Atoms

Ground state Å

N11-H16 (bond length)

1.010

N11-H15 (bond length)

1.028

N11-C10 (bond length)

1.384

H15-O22

3.824

H15-O23

1.743

H15-O24

2.691

H16-O25

7.771

H16-O26

7.212

H16-O27

7.235

H15-O17

6.252

H15-O18

4.746

H15-O19

5.428

Another structural feature in the optimized model of ANTS is the
insignificant dihedral angle C4-C3-C10-N11 1.97º which suggests planarity
between the naphthalic ring and the nitrogen in the amine in the ground state
which would allow conjugation of the amine nitrogen electrons into the naphthalic
ring.

5.4. CONCLUSIONS
It can be clearly conclude that the R chain and sulfonate groups are not
involved in the deuterium sensitivity observed in LY and its derivatives, the
functional group responsible for the fluorescent behavior is, without any doubt,
the amine bound to the ring system. The implication of carbonyl groups as
charge acceptors from the amine needs further investigation.
Complementary charge transfer from the amine group to the carbonyl
carbon in the excited needs to be confirmed through the use of a LY derivative
compound lacking of the carbonyl groups. Additionally it is not clear if the
mechanism of relaxation is through solvent mediation or by absorption of the
excitation energy into the vibrational stretching of water molecules. A complete
elucidation of the mechanism of relaxation of the excited state in LY compounds
would give the final answer to the cause of deuterium sensitivity in these
compounds.
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On the other hand, it is apparent that even though LY and ANTS
derivatives display deuterium sensitive emission, the mechanism of fluorescence
is quite different. In ANTS compounds, it is possible the presence of an ESIPT
from the hydrogen in the amine group to an oxygen in the sulfonate group, in this
case the doubt is if the ESIPT is through an intramolecular hydrogen bond or it is
assisted by the solvent network.
To get the complete picture of the mechanism causing isotope sensitive
emission in LY and ANTS compounds it is necessary to look for the way of
discrimination of relaxation through solvent mediationa and vibrational coupling
processes and ESIPT between adjacent moieties or assisted by the solvent.
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CHAPTER SIX

GENERAL CONCLUSIONS AND FUTURE WORK

In concert, the fluorescent probe assay developed in this study consisting
of Lucifer Yellow dextran and Alexa Fluor 546 dextran incorporated in organelles
of living cells together with the use of single cell superfusion system and a rapid
imaging system can be applied for both observation of the kinetics of water
movement and quantification of water exchange in terms of percentage in
subcellular organelles in living cells.
The quantification of water exchange demonstrated that under equilibrium
conditions 67 - 69% of lysosomal water was exchanged with the extracellular
solution. Complete exchange was reached by the generation of an open
equilibrium through the use of a cellular permeabilizing agent. From these
findings, it can be hypothesized the presence of an unknown regulatory
mechanism of water content in lysosomes. This is the first time that a quantitative
measurement of water exchange in organelles in living cells has been reported.
We have applied the probe for measurement of the kinetics of water
exchange in subcellular organelles in J774.A1 living cells. Po values obtained
after the increase of the lysosomal pH in J774 cells (using NH4Cl or Bafilomycin)
showed the dependence of water permeability on pH. Additionally, it was found
that water permeability of macropinosomes is dependent on the time of formation
131

of the organelle; macropinosome Po increases as they mature to get values
resembling the lysosomal values, the specific mechanism for control of the
membrane permeability in these organelles through the maturation process is
unknown and goes farther of this work.
This study constitutes the first report of water permeability in lysosomes
and macropinosomes of living cells. A significant outcome of this research is that
it offers evidence of the presence of a natural mechanism of control of water flux
in endocytic organelles which is open to be explored in the future for our group.
The complete elucidation of the fluorescent mechanism of LY and its
derivatives stays as a future work to be developed in our lab. To get the complete
picture of the mechanism, it is necessary to find an experimental method to
differentiate between vibrational coupling quenching and solvent proton transfer
quenching in the excited state of the LY molecules.
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Appendix A
CHARACTERIZATION AND OPTIMIZATION OF A SINGLE CELL
SUPERFUSION AND IMAGE ACQUISITION SYSTEM FOR STUDYING
WATER TRANSPORT IN ORGANELLES OF INTACT CELLS

We show the development of a quantitative fluorescent ratiometric probe
that is sensitive to D2O and has utility for making novel measurements of water
transport across endocytic compartment membranes within intact cells. As the
movement of water (or D2O) across membranes is rapid, quick solution exchange
is critical to achieving meaningful measurements of membrane permeability and
extent of water exchange within these organelles.
Initially, we selected a closed perfusion imaging chamber to rapidly
exchange solutions prepared in H2O, D2O, or mixtures of both. This apparatus
was selected because we would be able to measure multiple cells
simultaneously during a solution exchange event since intracellular water
transport processes likely vary from cell to cell inside endocytic compartments.
We hoped that perfusion could achieve exchange times much faster than the
observed rates in cells. However, in practice we were not able to achieve the
necessary exchange rates using this system. Limitations of our rapid closed-cell
perfusion approach included the requirement of the use of high flow rates to
achieve low enough exchange times which washed the cells out of the
coverglass. As an alternative, we tested a single-cell superfusion system based
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on a polyimide needle that had claimed exchange times as short as 1 ms. While
we were not able to achieve 1 ms exchange times, we were able to ultimately
achieve exchange times that were 5-6 times faster than the processes we were
trying to observe. Hence, in this chapter we describe the optimization of the
superfusion and image acquisition system that allowed us to make quantitative
measurements of organelle water exchange kinetic transients.

A.1 EXPERIMENTAL SECTION
A.1.1 Optimization of single cell perfusion system
All the experiments described in this chapter were performed using an
open imaging chamber whose bottom consisted of a 25 mm coverslip. The
coverslip was mounted in an imaging chamber and placed in the microscope
equipped with a single polyimide perfusion needle coupled to a micromanipulator
(Bioscience tools) which allowed fast solution exchange around single cells. A
programmable 2-syringe pump (Hamilton Microlab 500 Series) was used to
automatically control the flow rate through the needle.
Solution exchange in this superfusion system was determined at varying
flow rates using a fluorescence-based method using solutions of (0.01 – 0.10
mM) AF546-dex according to the following method. Briefly, 0.5 mL of water was
placed in the imaging chamber (without cells), Next, one syringe was filled with a
solution of AF546-dex and the other one with water. The tip of the perfusion
needle was positioned just outside of the microscope field to avoid interference of
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the tip during the imaging process.

The syringe pump was programmed to

deliver solutions from the syringes at flow rates between 30.0 – 48.3 ml/min in
such way that the solution from the tip switched between AF546-dex solution and
water. A series of images were acquired via Slidebook (Intelligent Imaging
Innovations) using a Hamamatsu Orca ER camera, single bands excitation filters
and dual band emission filter for LY-dex/AF546-dex inserted in the microscope
wheel and fluorescence intensity measurements were recorded over time.
AF546-dex fluorescence intensity was measured in selected regions of interest
near to the tip and AF546-dex intensity time course was plotted and used to
extract the time constant for the buffer exchange process adjacent to the tip to
determine the optimum flow rate that could be used during the perfusion with
intact cells.

A.1.2 Optimization of Image Acquisition Parameters
The effects of binning which limits the spatial resolution, frame size which
limits the area to be imaged, and exposure time which influences the temporal
resolution were all evaluated. CCD binning values were measured at 1x1, 2x2,
4x4, and 8x8 pixel binning. Frame size was varied 512x512 µ2 to 16x22 µm2.
Integration time was varied from 1 -100 ms…All these measurements were
collected under optimum flow rate and needle positioning determined during the
optimization of the superfusion fluidics.

Optimal image acquisition conditions

were determined by measuring the minimum binning, exposure time, and
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maximum frame size by measuring conditions where we achieved a signal to
noise ratio (SNR) that was high enough to generate significant image contrast in
loaded lysosomes (SNR ≥ 10).

A.1.3 Data evaluation
The collected data were evaluated using SlideBook digital microscope
software. The time course of the AF546-dex intensity was fitted to a singleexponential equation using SigmaPlot (Systat) and the rate constant (τ) was
extracted from each kinetic transient to identify the optimal conditions for
superfusion and image acquisition.

A.1.4 Cell Culture
CHO-K1 and macrophages J774.A1 cells were grown in F12K medium
(Mediatech) and DMEM medium, respectively. The media were supplemented
with 2mM L-glutamine, 1.5 g/L sodium bicarbonate, 10% fetal bovine serum, and
1mg/mL penicillin/ streptomycin mixture (Hyclone), at 37°C with 5% CO 2. Cells
were plated on 35mm glass-bottom dishes at variable concentrations between
150,000 and 50,000 cells/dish.
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A.2. RESULTS AND DISCUSSION
The experimental setup integrating the single cell perfusion system, an
automatic syringe pump (A), and the fluorescence microscope (B) is shown in
Figure 2.1.

Figure A.1. Superfusion system for rapid exchange of solution around single cells. An automatic
syringe pump (A) is coupled to a single perfusion needle (C), which is positioned near individual cells
attached to coverslips in an open microscope imaging chamber (D).

One of the most important variables in achieving rapid solution exchange
is the needle position. Proper tip position was critical for obtaining the fastest
solution exchange and to avoid turbulent flow around the needle. Figure 2.1
shows the open chamber (D) adjusted in the microscope stage and the single
perfusion needle (C) positioned for a typical experiment. The tip position was
adjusted empirically before each experiment, 0.5 ml of AF546-dex solution were
placed in the chamber (without cells), the syringe pumped water at the settled
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flow rate and pictures recorded the change in the fluorescence intensity in the
chamber. Optimal position of the needle was determined empirically because it
was not possible to measure the distance of tip from the cell. Observation of the
AF546 course time was used as a toll for deciding when the tip was in the best
position, delivering the solution uniformly and fast. Figure 2.2 illustrates the
effects of tip position on the observed AF546-dex time course, Figure 3.2A
shows that if the tip was not near to the area under observation, the AF546-dex
fluorescence intensity did not change during the exchange of the solution in the
chamber. Figures 2.2B and 2.2C show the AF546-dex fluorescence intensity
change during perfusion experiments when the tip position did not allowed
uniform and rapid exchange of water by the dye in the chamber, respectively.
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Figure A.2. Optimization of the tip position. Effects of tip position on solution exchange in
the chamber. A) No exchange of the solution in the chamber because the tip is not near to the
recorded area. B) Not uniform exchange of the solution, and C) Slow exchange with a time
constant of 406.0 ms . D) Drastic drop of the fluorescence intensity indicates the reaching of
the optimized tip position. Time constant 50.0 ms.

Accomplishment of the best position was determine when the AF546-dex
time course showed a quick decrease in the fluorescence during the perfusion
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and constancy of the signal after the decrease. Figure 2.2D shows the graph of
the time course of AF546-dex intensity after optimization of the conditions, for
this specific graph the time constant was 50.0 ms which is about 8 times faster
than the time constant obtained with the tip position in 2.2C (406.0 ms). Later, it
will be shown this response time is sufficiently fast to be used in the observation
of the exchange of water in lysosomes in cells

A.2.1 Flow rate optimization
Changes in the fluorescence intensity during the switching from water to
AF546 and vice versa were used as a tool for determination of the optimal flow
rate of the titrator and to determine the presence of any artifactual response. Fig
2.3A shows the AF546-dex time course of a typical experiment recorded at flow
rate value of 34.67 µl/s. As observed, at the beginning of the experiment, the
fluorescence intensity in the chamber had the lowest values but as the AF546dex solution was delivered the AF546-dex intensity increased to the maximum
values getting some stabilization in the top of the graph. Later, when water was
being delivered to chamber by the syringe, the fluorescence intensity decreased
again to the lowest values observed at the beginning of the experiment showing
complete replacement of AF546 solution by water.
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Figure A.3. AF546 time course at 30.67 µl/s flow rate. A) Exchange of water by AF546 in
the chamber is inferred from the changes in fluorescence intensity in the area imaged. B)
-kt

Fitting of the data to a single exponential equation (F) = F0 +a(1 + e
portion and

-kt

(F) = F0 +a e
-1

) for the increasing

) for the decreasing portion, values for this specific graph

2

k=(0.3890 ± 0.0098) s , r = 0.9917.

The τ (s) values calculated at flow rate values between 30 - 48,8 µL/s
were plotted (see Figure 2.5) and the graph was used to visualize the effect of
alterations in flow rate on τ and gives information about the speed of response of
the instrument under the settled conditions. From the flow rate giving the fastest
exchange (lowest τ) the values of flow rate to be used during the perfusion
experiments were chosen.
As observed in Figure 2.5, the increase in flow rates from 30 to 45.7µL/s
did not make the exchange of buffer around the tip faster, acceleration of buffer
exchange was observed just at the top 2 measured flow rates. The 47.8 µL/s and
48.8 µL/s flow rates were tested with coverslips containing adherent cells. Both
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of these flow rates washed the cells off the coverslip and could not be used for
cell perfusion experiments.
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Figure A.4 Optimization of the titrator flow rate. The instrument responsse time extracted
at different flow rate values. As the flow rate increases, the time required for exchange of the
buffer by AF546 around the tip decreases.

The flow rate was eventually decreased to 37.7 µL/s. At this flow rate, the
cells remained on the coverslip and no turbulence in the chamber was observed.
Turbulence makes the AF546-dex fluorescence intensity on the coverslip change
in a way that is not dependent on the exchange of the solutions in the chamber;
they may be observed also under Differential Interference Contrast (DIC), Figure

143

2.5 shows that the AF546-dex fluorescence intensity does not follow the
expected exponential decay trend of a typical exchange experiment.
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Figure A.5. AF546 intensity change observed in the presence of turbulences at the tip.
Fluorescence intensity follows an unexpected behavior when solution exchange in the imaged
area is not uniform.

A.2.2 Optimization of the camera parameters
As an analytical figure of merit the signal-to-noise ratio (SNR)
characterizes the quality of a measurement and determines the final performance
of the system; therefore, the optimization of any parameter used during image
acquisition affecting SNR is crucial to maximize image contrast and robustness
of measurements. Decreasing excitation light intensity (related to exposure time)
decreases SNR. In a Coupled-Charged Device (CCD) imaging sensor, exposure
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time (ET) refers to the time over which the signal is integrated and the measured
SNR depends upon ET used during the image capture. During the optimization of
this imaging system, the ET when acquiring images of cells loaded with AF546dex and LY-dex was varied and the fluorescence emission from labeled
organelles were measured and used to determine SNR. ET values giving SNR
higher than 10.0 were determined to give complete differentiation of the
organelles from the cytoplasm. After varying exposure times from 100 to 2 ms, it
was determined that 5 and 7 ms were the shortest ET which gave values for
SNR that were >10. Reducing ET gives the additional benefit of reducing
photobleaching and phototocixity induced by the excitation light1 although this is
minimal in our experimental system as water exchange occurs on the ms timescale.
Furthermore, the time between pictures was used as an indicator of
improvement of temporal resolution. As time taken between pictures is
decreased the speed of pictures collection is increased; and more images are
recorded per second. Time between images is affected by pixel binning, the size
of the area to be imaged and ET; long ET decreases the number of frames that
the camera record per second. Pixel binning is the combination of the charge
collected by several adjacent pixels, and is designed to reduce noise and
improve SNR and frame rate of digital cameras, and increases the sensitivity and
the speed although at the price of reducing image spatial resolution 2.
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In

practice, 2x2 binning is most common as you still can achieve near-diffraction
limited spatial resolution while decreasing acquisition time 4X.
The effect of pixel binning conditions and size of the area to be image in
the average time lapse was evaluated at the optimal flow rate (37.7µL/s) during
superfusion of adherent cells. Table 2.1 summarizes the effect binning values of
images acquired using at 7 and 5 ms integration time. The use of binning 1x1
gives a very good spatial resolution of cell image but times between pictures are
longer compared to binning of 2x2. The same trend is observed when binning
2x2 is compared to 4x4. 4x4 bining gave the lowest time lapse between pictures
and the number of frames recorded each second was the highest one (26 frames
/ second). Spatial resolution is sacrificed but temporal resolution increased, that
means lowest time is expended between pictures therefore more frames could
be recorded each second because the speed of the camera was increased.

Table A.1. Optimization of binning values at the optimal flow rate

Time between

Exposure time,

Binning, pixel x

ms

pixel

7

1x1

70/ 14

14

7

2x2

52/19

19

7

4x4

45/22

22

5

1x1

40/25

25

5

2x2

38/26

26

5

4x4

37/27

27
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pictures,
ms/frames/s

Frames per
second

A.2.3 Evaluation of image size in temporal resolution
As the image size is smaller the acquisition speed of the time lapse series
can be increased

3, 4

. To evaluate the effect of the size of the imaged area on the

overall frame rate, images were acquired using frame sizes from full chip to
sections as small as 16 x22 µm2 and the observed frame rate was determined.
Additionally, the exposure time was varied between 5 and 1 ms to evaluate the
effect of all the components in the overall speed of the imaging. Table 2.2 shows
the results obtained in the experiments
Table A.2. Frame Size Optimization

Time between

Binning,

Exposure time,

pixel x pixel

ms

2x2

5

512x512

56

18

1x1

5

512x512

64

16

2x2

5

458x446

49

20

2x2

1

458x446

44

23

2x2

1

392x370

42

24

2x2

1

296x272

39

26

2x2

1

40x48

33

30

2x2

1

32x32

32

31

2x2

1

16x22

32

31

1x1

1

16x22

33

30

4x4

5

32x32

25

40

4x4

5

16x22

25

40
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Frames per
second

4x4
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25

40

The smallest time lapse interval attained was one with a time between
frames of 25ms. This was in regions of 32x33 µm2 dimensions or smaller with an
exposure times of 1 or 5 ms and binning offset to 4X4 pixels. The size did not
play a large role once the dimensions were 40x48 µm2. On the other hand,
lowering the exposure time to I ms did not increased the speed of the camera
and as observed in previous experiments the SNR for values lower than 5 ms
were lower than 10.
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Figure A.6. Optimized AF546 time lapse. The portion of the graph showing the increase in
AF546 intensity was fitted to an exponential equation, the instrument response time was extracted
and it was found to be (54 ± 2) ms
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Summarizing, the experimental conditions giving the lowest time lapse
between pictures were ET 5 ms, pixelation binning 4x4, size of the image 32x33
µm2 or lower and flow rate of 48.5 µl/s in experiments without cells, flow rate had
to be set to 37.7µl/s in experiment with cells because of the blow out of the cells
at higher floe values. Figure 2.9 shows the graph obtained during evaluation of
the instrument response time (τ, ms), τ obtained under these conditions was (54
± 2) ms, these experimental conditions were used in all subsequent experiments
to measure water exchange in organelles of intact cells.
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